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when  the  repeater  is  used  with  a finite  bandwidth  antenna  in  an  environment 
which  includes  random  ground  clutter  and  specular  reflectors. 
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board operates  at  291  MHz  with  a bandwidth  of  100  KHz  and  allows  forward 
gain  up  to  120dB  to  be  tested.  The  minimum  input  signal  level  is  -90dBM,  with  : 
a dynamic  range,  of  60dB,  for  which  the  repeater  will  generate  a 1 watt  output 
using  an  AGO. 

Experimental  results  are  presented  which  verify  the  design  concepts  on  which 
the  SFR  breadboard  is  predicated.  They  also  show  areas  where  further  work 
is  needed  to  utilize  the  Full  forward  gain  potential  of  the  breadboard. 

In  the  present  configuration,  forward  gains  up  to  67dB  have  been  measured  in 
the  laboratory.  With  the  incorporation  of  the  suggested  modifications,  forward 
gain  capability  in  excess  of  102dB  is  anticipated.  Further  performance 
refinements  may  then  be  possible  to  push  the  forward  gain  capability  to  120dB. 

A Follow-on  effort  for  the  breadboard  improvement  is  being  conducted.  Results 
| of  this  improvement  effort  will  also  be  documented  in  a final  technical  report. 
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SUMMARY 


v.^0602  ?ijTrinp^POr^dOCUmen^S  the  technlcal  effort  on  Contract 
*1  b02:  ^;c-°242.  It  presents  the  results  of  an  investigation 
rf  -me,  nonsampling,  Same-Frequency  Repeater  (SFR)  concents 
for  various  types  of  analog  and  digital  signals  using  coherent 
interference  cancellation  techniques.  coherent 

transmittpr^tn^Pf'Pi  presents  an  analytical  investigation  of  the 
ransmi  t er-to-receiver  isolation  achievable  with  a multichannel 

°rCSU;tl0n  system  (ICS>  the  repeater lT™el 

rand  bandwidth  antenna  in  an  environment  which  includes 

random  ground  clutter  and  specular  reflectors.  Results  of  an 

nannSUgatc°n  °btalnlnS  hlEh  linearity  in  the  interference 
canceller  for  low  intermodulation  generation  in  the  SFR  are  also 
summarized . 

A design  for  a Same -Frequency  Repeater  breadboard  model 
is  presented  that  incorporates  the  multichannel  interference 
cancellation  system.  The  breadboard  operates  at  291  MHz  with 
a bandwidth  of  100  kHz  and  allows  forward  gain  up  to  120  dB  to 
be  tested.  The  minimum  input  signal  level  is  -90  dBm,  with  a 
dynamic  range  of  60  dB,  for  which  the  repeater  will  generate  a 
1 watt  output  using  an  AGC . 6 

Experimental  results  are  presented  which  verify  the 
design  concepts  on  which  the  SFR  breadboard  is  predicated.  Thev 
also  show  areas  where  further  work  is  needed  to  utiDize  the  full 
forward  gain  potential  of  the  breadboard.  These  areas  include 
elimination  of  stray  coupling  problems  between  the  SFR  trar.s- 
f ?d  receiver,  and  modification  to  the  multichannel  ICS 
which  will  allow  it  to  operate  effectively  with  a 100  kHz  wide 
s gnal . In  the  present  configuration,  forward  gains  up  to  67  dB 
have  been  measured  in  the  laboratory.  With  the  incorporation  of 

^ c6-i  no85nS!:ed  m??iriCatlons»  forward  Ealn  capability  in  excess 
10,  dB  is  a^tlclPated*  Further  performance  refinements  may 
then  be  possible  to  push  the  forward  gain  capability  to  120  dB . 


SECTION  I 


INTRODUCTION 


, , •‘■his  report  documents  the  technical  effort  on  Contract 

I'iObO  - 4 -C -02 M 2 . It  presents  the  results  of  an  investigation 
of  real  time,  nonsampling,  Same-Frequency  Repeater  (SFR)  con- 
cepts for  various  types  of  analog  and  digital  signals  using 
coherent  interference  cancellation  techniques. 

The  analytical  results  presented  here  will  develop  the 
concept  of  a pilot-directed  multichannel  notch  filter  interfer- 
ence cancellation  system  (ICS)  to  provide  isolation  between  the 
repeater  transmitter  and  its  receiver.  The  isolation  capability 
of  the  ICS  will  be  analyzed  to  determine  the  effects  of  signal 
returns  from  the  SFR  antenna,  from  specular  reflectors,  and  from 
distributed  ground  clutter.  The  results  will  be  given  as  func- 
tions of  signal  bandwidth  and  carrier  frequency  as  well  as  other 
design  parameters  of  the  ICS. 

Results  of  a hardware  investigation  of  approaches  for 
obtaining  low  signal  distortion  in  the  ICS  complex  weights  will 
also  be  presented.  Inband  distortion  products  generated  in  the 
weights  cannot  be  cancelled,  and  thus  form  a lower  limit  on  the 
achievable  ICS  cancellation  residue. 

An  SFR  breadboard  design  will  be  presented  which  incor- 
porates a pilot-directed  three-channel  notch  filter  ICS  to  pro- 
vide the  transmitter-to-receiver  isolation.  The  breadboard  is 
designed  to  operate  at  291  MHz  with  a 100  kHz  bandwidth,  providing 
a 1 watt  output  with  the  capability  for  testing  forward  gain  ud 


Experimental  results  will  be  presented  which  verify  the 
design  concepts  on  which  the  SFR  breadboard  is  predicated.  They 
also  show  areas  where  further  work  is  needed  to  utilize  the  full 
forward  gain  potential  of  the  breadboard.  The  areas  requiring 
further  work  will  be  discussed  in  some  detail. 
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SECTION  II  — _ f ' 


MULTICHANNEL  NOTCH  FILTER  ICS 


1.  MULTICHANNEL  ICS  ANALYSIS 


ril.  Tr,Jn,thlS  s?ction  the  concept  of  a multichar.nel  notch- 

110  is  developed  in  subsection  a.  In  subsection  b,  a de- 
. ailed  analysis  is  performed  to  determine  the  performance  of  a 
me-channe 1 and  a two-channel  ICS  under  general  transmitter-to- 
Vf r ;°upllng  conditions.  These  analytical  results  are  ap- 
pljed  to  the  case  of  reflecting  terrain  in  subsection  c and  to  the 
ca.  e of  antenna  reflections  in  subsection  d.  Subsection  e pre- 
sents numerical  examples  using  the  analytical  results.  Subsec- 

£ presents  a discuss  of  the  resuits  --  their  implications 
and  their  extensions. 

The  purpose  of  the  ICS  in  the  SPR  design  is  to  cancel 
signals  at  the  receiver  input  that  emanate  from  the  SFR  trans- 
mitter. The  signals  from  the  transmitter  are  coupled  to  the 
receiver  through  a number  of  different  coupling  paths,  including 
leakage  through  the  antenna  coupler,  reflection  from  the  antenna 
Tno  re-riectPon  from  the  surrounding  terrain.  A single  channel  * 
iC-o,  showr  in  Figure  1,  uses  a complex  (amplitude  and  phase) 
weight  to  duplicate  as  well  as  possible  the  amplitude  and  phase 
of  the  composite  coupling  path. 

Because  the  coupling  paths  have  frequency-dependent 
transfer  functions  (e.g.,  the  antenna,  reflected  returns  with 
delay  due  to  propagation  distance),  the  amplitude  and  phase  set- 
ting is  precise  at  only  one  frequency.  Thus,  perfect  cancella- 
tion is  possible  at  only  one  frequency.  Broadband  signals  are 
cancelled  well  at  band  center,  and  progressively  worse  toward 
the  band  edges.  This  effect  places  a bandwidth  limitation  on 
achievable  cancellation  which  may  be  quite  severe  for  a single- 
channel  ICS.  As  an  illustration.  Figure  2 shows  the  achievable 
cancel] ation  ratio  with  a single-channel  ICS  used  in 
element  adapt!'/ ■■  array  [1],  where  the  antenna 


a two- 

spacing  produces 

L1J  Abrams,  B.3  , et  al , "Interference  Cancellation,"  General 

P^°nlCS  Jpt  ^324-2626-15,  prepare]  fo-  Rome  Air  Development 
Center  under  Contract  . F30602-72-C-0459 , August  1973.  ' 

[2]  Rosenberg,  JR.,  E.J.  Thomas,  "Performance  of  an  Adaptive 

Environ! Ten-  ^ BSTJ^vn^  nn  3 N°Uy,5  Lln;ar’  Time-Invariant 
xi.ivrronmen^ , BSTJ,  vol.  5U,no.  3,  March 

L 3 ] Sandhi , M.M.,  "An  Adaptive  Echo  Canceller,"  BSTJ 
no.  3,  March  1967,  pp.  497-511. 
r4]  Becker,F.K. , H.R 

• >al  Pilters  to  the  Problem  of  Echo  Suppression  " 
no.  12,  December  1966,  pp . 1847-1850. 

L5J  Sandhi,  M.M.,  A.J.  Prestl.  "A 


1971,  pp.  785-813 


Rudin,  "Application  of 


Automatic 
BSTJ , 


vol.  46, 

Transyer- 
vol . 45, 


BSTJ,  vol.  45,  no.  12 


Prestl , 
December 


Self-Adaptive  Echo 
1966,  pp.  I.851-1854 


Canceller, " 


FIGURE  2 

BEST  POSSIBLE  CANCELLATION  RATIO  VS 
INTERFERENCE  BANDWIDTH  FOR  VARIOUS 
ANTENNA  SPACINGS  (RECTANGULAR  SPECTRUM) 


BANDWIDTH  OF  BARRAGE  NOISE  JAMMER  (IN  HZ) 


FIGURE  3 

GENERAL  MULTICHANNEL  ICS 


a delay  (frequency-dependent  phase  shift)  between  the  two  ICS 
inputs . 


Multichannel  ICS  configurations  have  been  used  to  pro- 
vide good  broadband  cancellation  performance.  The  structure  of 
the  multichannel  ICS  used  in  the  SFR  is  given  in  Figure  3-  Each 
weight  is  preceded  by  a frequency  shaping  network,  and  generally 
each  network  is  unique.  This  general  structure  has  been  used 
for  wireline  echo  cancellers  [2, 3, *1,5]  where  the  frequency 
shaping  networks  were  ones  whose  impulse  responses  are  elements 
of  an  orbhonormal  set.  Specific  implementations  used  delay  lines 
and  Laguerre  networks.  D^lay  line  implementations  have  also  been 
studied  for  both  electromagnetic  [6]  and  acoustic  [7]  adaptive 
arrays . 


For  analysis  purposes,  the  multichannel  ICS  in  the  SFR 
may  be  modelled  in  the  following  manner . Let  us  define  a frequen- 
cy-dependent transfer  function  Hc(w)  to  represent  the  undesired 
coupling  from  transmitter  output  to  receiver  input.  The  N channel 
of  the  ICS  provide  a second  transfer  function  between  transmitter 
and  receiver  which,  from  Figure  3,  may  be  written  as 

N 

hn(w)  « l W-lMw)  (1) 

1*1 

The  model  is  shown  diagrammatically  in  Figure  4.  The  transmitter 
waveform  is  assumed  to  have  a Fourier  transform  represented  by 
S-pCu),  and  Sr(w)  is  used  to  represent  the  Fourier  transform  of 
the  ICS  output  to  the  receiver. 

As  shown  in  the  figure,  we  define  the  N-Channel  ICS 
transm.itter-to -receiver  isolation  ratio  as  the  ratio  of  the  energy 
going  into  che  receiver  to  the  energy  coming  from  the  transmitter. 

?/  lsR(u)|2d» 

(R/T)n‘.4 

v!  I St(oj)  | 2dw 
0 


/ |ST(w)  | 2dto 
0 1 


The  best  ICS  performance  is  obtained  when  (R/T)n  Is  minimized, 
which  is  accomplished  by  allowing  the  weights  Wj  to  be  adjusted 
so  that  Hjq ( a) ) matches  -Hc(w)  as  closely  as  possible.  Hc(w)  may  be 
slowly  varying  with  respect  to  the  transmitted 'waveform,  but  it 
[e]  Widrow,  B.,  et  at , "Adaptive  Antenna  Systems,"  Froo  IEEE, 
vol.  R5,  no.  12,  December  1967,  pp.  21^3-2159. 
i7]  Bryn,  F.,  "Optimum  Signal  Processing  of  Three-Dimensional 
Arrays  Operating  on  Saussian  Signals  and  Noise,"  j Aooub  Soe 
Am,  vol.  3*i,  March  1962,  pp . 289-297. 
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COUPLING  TRANSFER  FUNCTION 


will  he  presumed  that  will  have  similar  compensating  varia- 

tions by  adaptively  controlled  the  weight  values  W-;  . 

a.  Choice  of  Frequency  Shaping  Networks 


In  order  to  determine  the  set  of  network  functions 
(Nj_(u))}  to  he  used  in  the  multichannel  ICS,  let  us  first  consider 
a single-channel  ICS  in  which 

N1(o))  = 1 (3) 

That  is,  the  network  Np(w)  is  not  frequency-dependent.  We  will 
no v/  examine  the  isolation  ratio  (R/T)p  when  Sm(u)  is  a flat  band- 
limited  spectrum  in  an  environment—wMch-~trTrnsists  of  a single 
reflector  removed  from  the  repeater  by  a delay  x.  Thus,  we  let 

9 Pn  for  ju)±u)n|  - ttB 

lST(a))l  = to  elsewhere  (i4) 

where  fg  = o)o/2tt  is  the  carrier  frequency  of  the  transmitted  sig- 
nal and  B is  its  bandwidth.  The  coupling  function  is 

Hc(a>)  = aeJt|>e-Ja3T  (5) 


where  a represents  the  gain  of  the  coupling  path,  <j>  its  phase 
shift,  and  x its  delay.  Using  (1),  (3),  (4)  and  (5)  in  (2)  gives 

(R/T)1  = 2iB  / ° |ae^e-JwT+W1|2dw  (6) 

uiq-ttB 


When  itBx  is  small,  the  ICS  Ideally  will  cause  Wp  to  adapt 
to  the  solution 


,,  j*  "J“oT 

W,  = -aeJHe 


which,  when  applied  to  (6)  results  in 

|l-e 


2 wn+TTB  -J(w-un)x  p 

( R/T ) = — — f ^ i - U 1 2 

^n/ijl  2ttB  J 


dco 


oJq-ttB 


Integrating  (8)  gives 


/ n /m n _ 2n  simTBxn 

(R/T h - 2a  Cl ^7“] 

= a2UBx)2/3 


for  ttBx  <<  1 


(7) 


(0) 


(9) 


It  is  clear  from  (9)  that  high  isolation  with  a large 
requires  that  the  product  ttBx  be  small,  so  that  we  will  concen- 
trate our  attention  on  that  condition.  It  is  important  to  note 
that  the  approximate  result  given  in  (9)  for  small  Bx  would 
have  been  achieved  if  the  integrand  in  (8)  had  been  approximated 
by  the  first  term  of  its  Taylor  series  expansion,  i.e.,  approxi- 


mating 


-j  (u-«o0)x 

1-e 


- j ((J— U)q  ) x 
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(10) 


Thus,  the  voltage  spectrum  of  the  single-channel  ICS  residue  is 
dominated  by  a term  linear  in  frequency,  passing  through  zero  at 

(O  = C0g  ’ 

We  now  consider  the  addition  of  a second  channel  to 
the  ICS.  If  the  first  channel  leaves  a residue  whose  dominant 
spectral  term  is  proportional  to  (co-tog),  it  is  intuitively  felt 
that  making  the  frequency  shaping  network  N2(<o)  for  the  second 
channel  have  the  same  characteristic  will  allow  it  to  be  most 
effective  in  improving  the  isolation.  Thus,  we  make 


N2(oo)  = J 


(m-w0) 


CO 


(11) 


B 


which  may  be  approximated  by  a single  resonant  stage  notch  fil- 
ter centered  at  fg  = u>q/2tt  with  3 dB  bandwidth  Bjj  = tog/Tr,  for 
B<<Bn- 

Using  (1),  (3),  (4),  (5)  and  (11)  in  (2)  gives 


, cu ,,+ttB  . (<o-ton)  0 

(R/T)^  = 2^1  / ° | ae j lj>e~JaiT+W1+JW2- --Q-|  2dto 

CO  g — TT  B B 


<0, 


v^n  + nB  J(4>-(Oqt)  “■  j ( to— (0Q  ) x 
2iB  / lae 


(Oq-ttB 


( (0— (Op,  ) p 

+Wx+jW2 — — — Idu 


(0 


B 


(12) 


For  fn Bx(< < 1, , we  can  expand 

-j  ( (0— (Oq  ) T 


1-j  ((o-co0)t-((o-(o0)2t2/2 


(13) 


Then,  if  the  ICS  adapts  its  weights  to 


W^  = -ae 


W2  =■  aojgie 


j ( 4>-(oqt  ) 


j (<j>-u0T) 


(14) 


we  have  a residue  whose  voltage  spectrum  is  parabolic  about  cog 
The  isolation  is  given  by 

2 2 

2 (0  n + ttB  ( CO— (0,-,  ) X ^ 

<r/t),  ■ jfg  I 0 t — ° ]2«- 


(Oq-ttB 


= a2  (ftBt ) ^/20 


for  j itBt|< < 1 


(15) 


By  comparing  (9)  with  (15)  we  see  that  the  isolation  afforded  by 
the  two-channel  ICS  improves  that  available  from  the  single- 
channel ICS  by  a factor  of  3(ttBt)V20. 


12 


0 


By  extrapolating  the  above  arguments  for  additional 
channels,  it  becomes  evident  that  the  i-th  channel  should  have 
a frequency  shaping  network  of  the  form 


which  may  be  approximated  by  a cascade  of  i-1  identical  notch 
filters  with  isolation  between  them.  For  ttBt<<1,  an  N-channel 
notch-filter  ICS  will  have  an  isolation  ratio  (R/T)^  of  the  order 
of  ( B )2W.  A block  diagram  of  an  N-channel  notch  filter  ICS  is 
given  in  Figure  5. 


b.  Detailed  Analysis  of  Two-Channel  Notch  Filter  ICS 


(1)  Problem  Formulation 


The  objective  of  this  analysis  is  to  determine  the 
transmltter-to-rec elver  isolation  that  can  be  provided  by  a two- 
channel  ICS  using  the  notch  filter  technique  heuristically 
described  in  Section  II. 1. a.  The  analytical  model  adopted  for 
this  performance  evaluation  is  shown  in  Figure  6.  All  signals 
shown  are  complex  envelope  representations  with  respect  to  a 
selected  center  frequency  fo  of  corresponding  bandpass  signals. 
Thus,  x ( t ) is  the  input  from  the  transmitter,  xp (t ) and  x2(t) 
are  the  ICS  reference  channel  inputs,  and  r(t)  is  the  ICS  output 
to  the  receiver.  For  this  analysis  the  transmitter-to-recelver 
coupling  channel  is  considered  to  be  a linear  time-invariant 
system  with  a lowpass  equivalent  transfer  function  Hc(f). 
Finally,  N(f)  and  HL(f)  are  the  lowpass  equivalent  transfer 
functions  of  the  notch  filter  and  the  integrating  filters 
utilized  in  the  weight  control  units. 


The  initial  step  in  the  system  analysis  is  to  obtain 
the  differential  equations  describing  the  operation  of  the  con- 
trol loops.  From  Figure  6,  the  time-varying  complex  weights 
Wq(t)  and  W2(t)  must  satisfy  the  set  of  simultaneous  differential 
equations 

dW, 

TdtA  + wi  = -G1xf(t)r(t) 

dWp  (17) 

TJT  + w2  ' -G2x|(t)r(t) 

where  the  receiver  output  is 

r(t)  = y(t)+W1(t)x1(t)  + W2(t)x2(t)  (18) 

Gp  and  Gp  are  the  voltage  gains  of  the  control  loop  amplifiers, 
and  T is  the  time  constant  of  the  loop  filters,  and  X]_(t)  and 
X2(t)  are  linearly  related  to  x(t)  as  shown  in  Figure  6.  After 
substituting  (18)  into  (17),  the  system  differential  equations 
are  found  to  be 
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FIGURE  5 

MULTICHANNEL  NOTCH  FILTER  ICS 


I 


I 


I 


I 


dWl  2 

Tdt  + [1+G1|x1(t)|  ]W1  + G1xJ(t)x2(t)W2  = -GlX« (t )y (t ) (19a) 

dW , 

Tdt~  + G2x* ( t ) xi ( t ) Wi  + [1+G2 |x2(t) |2]W2  = -G2x*(t)y(t)  (19b) 

In  the  analysis  to  be  performed,  x(t)  is  assumed  to  be 
a zero-mean  complex  Gaussian  stationary  random  process  with 
power  spectrum  Sx(f).  It  then  follows  that  X1(t),  x2(t)  and 
y^t)  are  zero-mean  complex  Gaussian  jointly  stationary  processes. 
The  system  is  described  by  a set  of  stochastic  differential 
equations  with  solutions  that  are  random  processes  and,  conse- 
quently, require  a statistical  description. 


To  begin  this  characterization,  it  is  desired  to  evaiu 
ate  the  expected  values  of  the  weights;  these  shall  be  denoted 
as 

Wj_(t)  = E{W1(t)}  i = 1,2  (20) 


Since  k]_(t)  and  W2(t)  satisfy  (in  the  mean-square  sense) 
(19a)  and  (19b),  it  must  follow  that 


the  set 


UH.  ^ 

E^Tdt~  + Cl+G1|x1(t) |2]W1  + GlX{(t)x2(t)W2}  = -G1E{x*(t)y(t) } 

(21a) 

dW2 

E^Tdt~  + g2x2  ( t )xi  ( t )V?i  + [l+G2|x2(t)|2]W2}  - -G2E{xg(t  )y(t )} 

(21b) 

and  consequently, 


TW1(t)+E{[l+G1|x1(t) |2]W1(t)}  + G1E{xJ(t)x2(t)W2(t)}  = 

= -G1E{xJ(t)y(t)}  (22a) 

TW2(t)+G2E{x«(t)x1(t)W1(t)}  + E{[l+G2|x2(t) |2]W2(t)}  = 

= -G2E{x*(t)y(t)}  (22b) 

To  proceed  further,  first  observe  that 

E{[l+G1|x1(t) |2]W1(t)}  = Wx(t)  + G1E{|x1(t) | 2W1 ( t ) } (23) 

Next,^  Invoke  the  assumption  that,  for  any  value  of  t , I xq  ( t ) I 2 
and  Wi(t)  are  uncorrelated  random  variables;  that  is, 

E{ |x1(t)  r'wi(t)}  = E{ |xx(t) |2}E{w1(t)} 

By  this  assumption,  (23)  becomes 
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E{[l+G1|x1(t)|2]W1(t)}  = [1+G^E{ |x1(t)|2}]W^(t)  ( 24 ) 

If  a similar  procedure  is  carried_out  for  the  remaining  terms  in 
' ‘ and  (22b)  it  is  found  that  W]_  ( t ) and  Wp(t)  must  satisfy  the 
differential  equations 

TW1(t)+[l+G1E{|x1(t)|2}]W1(t)  + G1F{x«(t)x2(t)}W2(t)  = 

= -G1E{xJ(t)y(t)}  (25a) 

TW2(t)+G2E{x*(t)x1(t;}W1(t)  + [1+G2E{ |x2(t) | 2}]W?(t)  = 

= -G2E{x|(t)y(t)}  (25b) 


Equations  (25a)  and  (25b) 

form  as 

W(t)  = AW(t)  + BV 
where  W(t)  is  the  column  vector. 


can  also  be  written  in  matrix 

(26) 


W(t) 


wjL(t) 

w2(t) 


(27a) 


A and  B are  the  matrices 


A 


B 


1 

T 


1 

T 


(l+G1E{|x1(t)j2}) 
G2E{x*(t)X;L(t)} 
-G1  0 " 

xo  -g2 


and  V is  the  column  vector 


V 


E(x*(t)y(t)} 

E(x*(t)y(t)} 


G1E{x*(t)x2(t)} 

(l+G2E{|x2(t)|2}) 


(27b) 


(27c) 


( 2 7 d ) 


Notice  that  A and  V do  not  vary  with  time  since  X]_(t),  xy(t) 
and  y(t)  are  jointly  stationary  processes. 


The  solution  to  (27)  is  given  by  [8] 

W(t)  = eAtW(0)  + / eAft-T)BVdx  0^t<~  (28) 

0 

where  W(0)  is  the  mean  value  of  the  weight  vector  at  t=0.  In 
addition,  if  all  eigenvalues  of  A have  negative  real  parts,  the 


[8]  DeRusso,  P.M.,  R.J.  Roy,  C.M.  Close,  State  Variables  for 
Engrneers , John  Wiley  and  Sons,  1967,  pp.  358-360 . 


17 


ct  ry 


expected  value  of  the  weight  vector  approaches  a finite  limit 

,-l 


W = lim  W(t ) = -A~XBV 

t->-oo 


(29, 


Using  (27 'i  and  1 2 9 ) it  is  found  that  the  steady  state  value  of 
the  mean  weight  vector  is 


W = 


d+GlKll)  G1K12 
a2 K21  (l+G2Kp?) 


-1 


"G1L1 

"G2L2 


where 


and 


u+g1k11)(i+g2k22)-g1o2k12k21 

^xi  = E{ | x^ (t ) | ^ } 

K12  = E{x»(t)x2(t)} 

K21  = E{x| ( t ) xx ( t ) } 

K22  = E{ |x2(t) I 2 } 

L1  = E { x * ( t )y(t ) } 

L2  = E{x|(t)y(t)} 


1+G2K22 

"G2K21 


G1K12 

1+G1K11 


r t 


1“1 
2 

(1o) 


-G2L2 


(3D 


(32) 


Notice  that  Kmn  is  the  covariance  of  xm(t)  and  xn(t),  the  m-th 
and  n-th  reference  inputs,  while  Li  is  the  covariance  of  the 
* th  reference  Xi(t)  and  the  interference  y(t)  present  at  the 
ICS  input  from  the  antenna.  In  addition,  Kmn  is  the  (m,n)-th 
element  of  the  covariance  matrix 


K = E(X*XT} 


(33) 


where  X is  the  column  vector  of  reference  Inputs  xT  = [xj ( t )x2 ( t ) ] . 

_ ■L^ie  covariances  required  to  evaluate  (30)  can  be  found 
f observing  that  xq(t),  X2(t)  and  y(t)  are  the  outputs  of 

/ne  Sj stem  shown  In  Figure  7.  Application  of  the  results  developed 
- -J  j Oor  the  system  shown  in  Figure  8 then  yields 


00 


K 


1!  = E{|x1(t)|d)  = / S (f)  df 


_ OO 


K 


12 


= E(x2(t)x*(t)}  = / N(f)S  (f)  df 


(3^a) 
( 3 ^ b ) 


[0]  Fapoulis,  A.,  Probability , Random  Variables , and  Stochastic 
trocesses , McGraw-Hill  Book  Co.,  1965,  pp.  352-353. 
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0 


-°y(t ) 


COUPLED  INTERFERENCE 


FIGURE  7 

SYSTEM  REPRESENTATION  FOR  THE  COUPLED  INTERFERENCE 
AND  RFFERENCE  CHANNEL  INPUTS 


yM(t) 
yk(t) 
yx(t ) 


FIGURE  c 

A GENERAL  SINGLE  INPUT  M-OUTPUT  LINEAR  SYSTEM 
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(34c) 


and 


r21  = E(x1(t)x*(t)}  = K* 


12 


K22  = EfU2(t)|2}  = / j N ( f ) | 2S  ( f ) df 

-00  X 

00 

Li  = E^V(t)x*(t)}  = / H (f)S  (f)  df 

— 00 
00 

L2  = E{y(t)x*(t)}  = / H ( f )N* (f )S  (f ) df 


(34d) 


(35a) 


(35b) 


The  combination  of  (3 in  MS')  and  Mb's  than  .. 

for  the  steadv  ^30)  then  yields  the  solution 

weight.  ° exPe°bed  value  of  each  complex 


H2(f)  = wx  + W2N(f)  (36) 

Hn?(f)mS°H1fniSa??Tltt??"trreCelVei'  transfer  function  is  then 
lation  to  bi  wr«ten’as  8 6 transmltter-to-recelver  iso- 

oo 

„r,  / , . I 2 1 / sx(f)  I H (D+H  (f ) I 2 df 

(R/T)  = giMlli  > a X C 2 

E{ix(tH2}  r” 

/ Sx(f)  df 


/ sx(T)|H02(f)|2df 


/ Sx(f)df 


(37) 


thP  foil  T^e  e^luatlon  of  (37)  will  be  carried  out  based  upon 
the  following  three  assumptions.  First,  the  equivalent  iow-a=- 
transfer  function  of  the  notch  filter  is  of  the  form  ^ ° 


N(f)  = i - , (T-q) 

; rw(f/f  n 


O^a^l 


(38) 


fC  = V2 


lIOj  Brennan,  L.E.,  et  al , "Control-Loop  Noise  in  Adaptive* 

197l)  re™*!4)EEE  Tt‘anS  AES’  V01’  AES'7,  no'  2’  Waroh 
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In  (38),  the  parameter  a = N(0)  is  a measure  of  the  center  fre- 
quency transmission  of  the  notch  filter  (-20  loga  is  the  "notch 
depth"  In  (ill),  and  fc  - BN/2 , where  RN  is  the  3 dB  width  of  the 
notch  filter  stopband  wLth  a=0.  The  second  assumption  made  is 
that  the  channel  transfer  function  Hc(f)  can  be  represented  as 
an  M-th  degree  polynomial  in  f over  a specified  interval  (-B/2, 
B/2). 

M 

Hc(f)  = ^ Cmfm  = VC3f+' • -+CMf  | f | -B/2  (39) 


The  final  assumption  invoked  is  tha1-  the  power  spectrum  of  x(t) 
is  bandlimited , with  bandwidth  B,  and  constant  over  the  interal 
I f I 1 B/2  defined  in  (39);  consequently,  Sx(f)  can  be  written  as 


sx(f) 


f|  ^ B/2 


(40) 


elsewhere 


From  (37)  and  (40), 

i ,B/2  P 

( R/T ) p = £ / | Hnp  (f ) Tcdf 

-B/2 


(41') 


To  complete  the  evaluation  of  (R/T),>  it  is  necessary  to  evaluate 
W1  and  W2  using  (30),  (34),  (35)  and  the  notch  filter  and  channel 
transfer  functions  (38)  and  (39).  The  composite  transfer  function 
Hc(f''-H2(f)  is  then  found  and  substituted  into  (4l). 


(2)  Evaluation  of  the  Steady  State  Weights 


follows 


and 


The  covariance  matrix  entries  of  (34)  are  found  as 
First  observe  that 


N(f)  = 1 - 


(1-a) 

[l+j(f/fn)] 


= 1 - 


(l-n)(l-Jf/fc) 

l+(f/fc)2 


1 - 


(l-q) 


+ j(l-a) 


f/f 


N(f) 


o 1 d \ A Wi/  o 

l+(f/fc)-  lr(f/fc)2 

Ul+jf/f  )-(l-a) |2  a2+(f/f  )2 


(l-a2) 

[l+(f/fc)2] 


l+(f/fc)‘ 


(42) 


(43) 
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Using  (3^),  (40),  (42)  and  (43),  the  Kmn  are  found  to  be 

B/2  P, 


K 


11 


- / 


0 


-B/2 


B 


df  = P 


K 


0 

(l-o) 


Pn  B/2 

12  - g2  / U 2 

-B/2  l+(f/fc) 


1 df 


2P 


B 


°[.|  - (l-o)fctan  1 (|y — ) ] 

r* 


g 

= PqC 1- (l-a)  ^ tan-1 ( g~)  ] 

g 

K21  - Kl*2  = PoC1-*1-^  IT  tan'1(lr);i 

N 


K 


22 


Pn  B/2 

0 / u 


B 


-B/2 


( 1 -ot2  ) 
l+(f/fc): 


-}  df 


g 

= P0[l-(]-ct2)g£  tan-1  (|— ) ] 


Define  the  variables 
Y - P/B„ 

A = tan~1(Y) 


so  that  the  Kmn  can  be  written  as 


K11  = P0 

K12  ■ P0[l-(l-o)A] 

K21  = p0tl-(l-a)Al 

K22  " P0[l-(l-a2)A] 

Using  (49)  in  (30)  gives 
r w 1 

’'l+G2Pn[l-(l-a2)A]  -G,P0[l-(l-a)A] 


W, 


G,  L,1 


(44) 


(45) 

(46) 


(47) 

(48) 

(49a) 

(49b) 

(49c) 

(49d) 


or 


W, 


and 


-G1L1{L4-G2P0[l-(l-g2)A])  + G1G2P0L2[l-(l-a)A] 

1+GlP0+G2P0Cl_(1_a?)A^  + Gl.G2P0^1-a^A^-A^ 
GlG2P0Li[l-(l-a)A]  - G21'2  (1+G^Pq  ) 

1+G1P0+G2P0^1-^1“°‘2^A^  + GlG2P0^1_a^  Ml-A) 


Prom  (35),  (39),  (40)  and  (42),  we  obtain 
P, 


L1  = W 


0 


B 

L -!s 

L2  B 


B 


B/2 

M 

/ 

l Of 

-B/2 

m=0  m 

M 

B/2 

I c 

m=0 

m -B/2 

B/2 

/ 

N*(f ) 

-B/2 

M 

B/2 

l c 

m=0 

m -B/2  : 

fmdf 


M 


fmN* ( f )df 


,m 


m 


(51a) 


(51b) 


(52a) 


(52b) 


Since  two-channel  ICS  is  expected  to  cancel  first 
order  terms  (m=0  and  m~l),  the  principal  remaining 
Thus,  the  summation  will  be  taken  up  to  M=2. 


and  second 
term  is  m=2 


L1  = C0P0  f C2P0(B2/12) 

L2  = C0P0[l-(l-a)A]  - jC1P0(l-a)(l-A)BN/2 

+ C2P0[1  - iU-cxHl-A)]  b2/12 

Inserting  (53)  into  (51)  then  results  in 

u . „ 01a2P^U-a)2A(i-4)+a1Pn 

1 “C0  D ~ 

PN  G1G2P0  ^ )( 1-A )[  1- (1-a ) A ] 

~JC1  2 d 

2 GlG2P0^[l-(1-^A][l-J--'a)g1-A)]-[l-(l-a2 
+c . § 


(53a) 


(53b) 


)a]}-G1Pq 

(54a) 
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G2P0[l^(l^a)A] 


W2  ~ -C0 


D 


+ J C 


Bn  (l+G1P0)G2P0(l-a)(l-A) 


1 2 


+ C 


B 


2 G1G2P0[1"(1-a)A]‘G2P0{1+GlP0)[1- 


2 12 


D 


D 

3 ( 1-a  ) ( 1-A  ) -, 
2 

Y 


where 


D £ l+G1P0+G2P0[l-(l-a2)A]+G1G2PP(l-a)?A(l-A) 


(5^c) 


(3)  Evaluation  of  the  Composite  Transfer  Function 


Now  that  the  values  for  the  weights  have  been  deter- 
mined using  the  notch  filter  transfer  function  N(f)  of  (38), 
the  composite  transfer  function  will  be  determined.  This  deter- 
mination will  be  made  using  the  power  series  expansion  of  Hc(f) 
in  (39),  along  with  the  weight  values  in  (54)  and  a si  illar  pov;er 
series  expansion  of  N(f).  We  can  expand  (38)  as 


N(f ) 


n (l-a) 

‘ 1+ j (f /f c ) 

a+j(l-a)(f/fc)+(l-a)(f/fc)2-j(l-a)(f/fc)3+. . . 


for  | f/f _ | <1 

V-» 


(55) 


Since  we  confine  our  attention  to  the  frequency  range  |f|^B/2, 
the  convergence  condition  in  (55)  is  satisfied  when 


V 


= B/BN<1 


(56) 


where  B^j  = 2f  is  the  two-sided  3 dB  bandwidth  of  the  notch 
filter. 


The  composite  transfer  function  is  then  determined  from 
(36),  (39)  and  (55)  to  be 


H02(f)  = Hc(f)+H2(f)  = Hc(f)+W1+W2N(f) 

h0  2+h12(f/fc ')+h22^f/fc  ^ 
where  the  coefficients  h 12  are  given  by 


(57) 


h02 

h12 

h22 


= CQ  + Wx  + ctW? 

= (C1Bn)/2  + J(l-a)W2 
=(C2B2)/4  + (l-a)W2 


(58) 


Because  it  is  the  design  objective  of  the  two-channel  ICS  to 
cancel  the  sero-th  order  and  first-order  terms  (i.e.,  ho2,hi2^0), 


2 '4 


approxl™ated  by  the  power  series  expansion  truncated 
after  the  square  term. 

tion  of  rqln  ^V7q>neSUafcS  for.h02  >hi2,h22  are  found  by  substitu- 
tion 01  (54)  5 n (58)  and  are  given  below: 


D = r5iG2Po('1-a^A^1''A)  + G1p0+G2Po^1-^1-a?^A-l  + 1 


(59) 


h02~  C0 


G2Pq  ^1-a' ( 1-A ) + l 
D 

C1BN  ^1-a^P-A)G2Po^GlPo('1-a^P-A^-a^ 

D ~ 

2 V1G2P0(1-a)2(1-A)?+G  1P n+«G?pn[i---1~-T)(1~A)] 

b y 


'2  12 


(60) 


hi  o~  -JC, 


(l-a)G2P0[l-(l-a)A] 


\ GlG2P0(1~a^2(1~A^2~(1+GiP0)+aG2Po[a(l-2A)-2(l-A) ] 


2 01G2Pg[I-(l-a)A]-G2F(ltGP) [l-lil-g) O-^)] 

+J(l-cOC,  t y 

2 12  D 

(61) 


h22=  "G0 


(l-a)G2P0[l-(l-a)A]  Bn  (l-a)2(l+G1Po)G?P0(l-A) 

D + JG!  j d 

BN  GiG2Po(1-a)^(I-A2)+1+GiP0+G2Po[2(l-A)+a(2A-a)] 


'2 


- I -(l-a)G2P0[l+(l-a)G1P0A] 


(62) 


(4)  Simplified  Results  for  the  Dual  Channel  ICS 


The  purpose  of  this  section  is  to  introduce  design 
requirements  that  allow  the  two-channel  ICS  to  approach  optimum 
performance.  It  has  been  shown  [11]  that  the  optimum  weight 
vector  that  minimizes  the  mean-square  ICS  output  is  given  by 


[11]  kidrow,  B.,  et  al , "Adaptive  Antenna  Systems,"  Proa  IEEE 
vol.  55,  no.  12,  December  1967,  pp.  2143-2159. 


0 


ct  rr 


(63) 
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M 

tv> 

1 

-1 

'-Li' 

21 

K22_ 

.-L2. 

which  may  be  obtained  from  (30)  by  letting  and  G2  approach  ■». 

The  coefficients  of  the  optimum  composite  transfer 
function  given  in  (60),  (61)  and  (62)  then  become 


h°  . Jl!n(1zA)  _ ^_(3  wi-A} 
02  J 2 1 A ; 12  ~2  ~ A- 


2 
C,  B 


V}  = _ 

nl  2 


1 N / 1-A 


+ JO,  1 


2 ^(1-4  )-4 


C^B 


2 12  A ( 1-A  ) 
2 


h0  . 1 "1^,1-A,  "2dN  [1-A2-Ay2/31 
h22  J 2 A + T i 


If  we  require  that 
1-A<  < 1 


then 


and 


h02=  -(C2+j2C1/BN)B2/12 
•hj2*  j(C2+,j2C1/BN)B2/12 
h22=  (C2+J2C1/Bn)B2/4 


(64) 


(65) 

(66) 


(67) 


It  is  desirable  to  determine  how  large  G]_  and  G2  must 
e for  the  approximations  in  (67)  to  be  valid.  It  may  be  seer, 
hat  if,  in  addition  to  (65) , the  following  requirements  are  ir- 
posea:  0<a«l 


G1P0>>1 


(1-A)G2P0>>1 

G1PQ(1-A)>>a 

G2PQ(1-A)2>>a2 

we  then  obtain  from  (60),  (61)  and  (62) 


(68) 


# 


26 


h ~ 0 + 

02~  G1Pn  + h02 


h 


12' 


-J  n 


10_  . ,0 

GnP „ h12 


l1  0 


(69) 


h 2 o “ “ 

£ C- 


0 . h0 
Glp0  22 


so  that SSUme  that  the  8aln  ln  channel  n’ai>  lar-ge  enough 


G1P0 


<<  |c0+j 


2C. 


B 


’N 


12 


(70) 


then 


h02~  "(C2+j2C1/BN)B2/12 
h12"  J(C2+j2C1/BN)B2/12 
h22  = (C2+J2C1/BN)B2/i4 


(71) 


The  Isolation  obtainable  by  a two— channel  Tpq  i 0 -t-Kov-, 
determined  from  (ill)  and  (57)  to  be  Carmel  ICS  Is  then 

1 B/2 

(R/T)2  “ B [B/2  lh(^hlif/fc)+h^f/fc)2|2  df  (72) 


(73) 


Using  (71)  ln  (72)  results  ln 

2C 

(R/T)  - |C,+J  -j^l2  sVieo 

CN 

where  the  coefficients  C*  were  Introduced  in  the  power  series  ex 
pension  of  the  channel  transfer  function  HC(f)  given  in  Eq,  (39)? 

(5)  Single-Channel  ICS  Results  - A Special  Case  of  the 
Two-Channel  ICS  Results 

, . , . Corresponding  results  for  the  single-channel  canceller 

-.n  which  the  notch  filter  channel  is  omitted,  are  obtained  by 

fol  Ivf  h,2"?  £ the/ormulas  (5^),  (60),  (61)  and  (62)  derived 

I or  the  dual-channel  canceller. 

. f°r  the  transmit  power  spectrum  and  channel  model  con- 
sidered, these  weight  values  are 
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0 


W1 = 


W2  « 


r'ipo 


B2 


. ^ ( n + r 2 ) 

l+n1P0l  0 ^2  12 


(74) 


The  coefficients  of  the  power  series  expansion  of  the  composite 
transfer  function  become 

,2  a,  p, 


'0 


h01  l+G]_P0 

hll=  C1  IT 


c2b' 


1 0 


12  1+Gn  PQ 


(75) 


h 


21 


BN 

= C2  IT 


The  coefficients  h01,  hu,  h21  used  here  for  the  single-channel 

;Se  ° mfes"nd  tojh02,  hi2,  h22  used  previously  for  the  two-channel 
ICc.  The  composite  transfer  function  is 


H01(f)  ~ ^1+G-,  P 


G-,  P 


1 0 


- C2  12  1+3^  + V + V2  lfl  5 I <76> 


where  H0i(f)  is  used  for  the  single-channel  ICS  inplace  of  Hnp(f) 
used  for  the  two-channel  ICS. 


and 


we  have 


If  we  require  that 

°ipo  » 1 


1+01P0 


<< 


C2Bc 

“IT 


C2B  p 
H0i(n  ~ J2~  + Clf  + c2f 


(77) 

(73) 


The  isolation  achievable  from  the  single-channel  ICS  is  then 


determined 

by  inserting  (78)  into 

B/2 

(R/T)1  = 

5 U/2  |H°p(f) 

|2  df 

(79) 

to  obtain 

(R/T)]_  * 

lep2  |c2 

1 2 B^ 

1 IFo 

(80) 

28 


C.  Multichannel  ICS  Performance  In  Reflecting  Terrain 

We  now  consider  the  4-0^  r,™ 

environment  with  multiple  reflpi-t™,  the  SPR  operating  in  an 

achievable  transl^o^e^e ?h  Wl11  the 

function  Is  given  by  latlon.  The  coupling  transfer 


H m _ v J*l  -J2irfT 

Hc(f)  ~ l ai  e e 


(31) 


Hc(f)  - I a1Cl-j2TTT1f  - 2TT£,T1f‘?+.  . . ] 

consequently,  ^ 

C1  = ~J  2tt  Ja . t . e 1 
1 1 1 

C2 

USlng  (83)  ln  (80)  glves » for  the  single-channel  ICS, 

J<t>. 


(82) 


(83) 


(R/T). 


tt2B2 


T~!|aiTie 


TT2B2|r  2 

3 Iza^e  J , for  TrBxmax<<i 


3*1,2  + ir^B^ 


TT^Vl 


2 ^1,2 


for  ttBt  <<l 
max 


(84) 


Using  (83)  In  (73)  gives,  for  the  two-channel  ICS, 

(R/T)2  -tIVvt,  - Hr >«JV. 


for  ttBt  <<i 
max 


± - - 

transmit-to-recelv^isolatlon^whlch^w  1?;efSt  °f  the  T1'  The 

ICS  is  determined  from  (2)  and  <80  Sto  PrSSent  wlthout  the 
B/2 


(85) 

The 


(R/T)0-g/  IZa/^e 

-B/2  1 1 


J<Pj_  -j2TTfT;]  ^ 


df 


(86) 


no t Cpr o vide Ts Ignlf leant Vcanc el latl^T"^b  When  TrBTl>1»  the  Ics  can- 

appreciable  correlation  h^de?  "h1™8" 

Hence,  ^ ierence  with  the  delayed  return, 

( R/T) ^ = (R/T)1  = (R/T)  for  vBt,>1  (87) 

when  ttBt1>1  for  all  values  of  1. 


29 


! 


(1)  Single  Dominant  Specular  Reflector 

When  the  terrain  is  dominated  by  a single  specular 
reflector,  we  have  from  (84),  (85),  (86)  and  (87) 

/ d /m  \ _ _ 2 


(R/T)  c = a‘ 


( R/'T ) 


(R/T) 


> n a B tV3,  for  ttBt<<1 


a , for  ttBt>1 


- 4 2 4 P p o 

it  a B t (t  - ) /45,  for  ttBt<<1 

2 

a , for  7tBt>1 


(88) 


( o 9 ) 


(90) 


The  attenuation  suffered  by  the  signal  returned  from  the  specular 
reflector  is  determined  from  the  radar  equation  [12] 


2 _ X2G2a 

l - n— ] 

( 4 it  ) -^r 


(91) 


where  X is  the  carrier  wavelength  in  meters 

G is  the  numerical  value  of  the  SPR  antenna  gain  toward 
the  reflector 

o is  the  radar  cross-section  of  the  reflector  in  meters2 
r is  the  one-way  range  to  the  reflector  in  meters 
We  can  relate  the  range  r in  meters  directly  to  the  delay  t in 
seconds  by 

r = ct/2  (92) 

where  c = 3x10®  meters/second. 

Applying  (91)  and  (92)  to  (88),  (89),  and  (90)  gives 


(R/T) 


(R/T) 


(R/T) 


2 

— — ~y ~2  ( B/f  0 ) ' , for  7T Bt  < <1 

IPttct11 


(93) 


(94) 


(R/T)n,  for  ttBt>1 


B2(f-)2(1  - -I-)*,  for  itBt«1 

ieoo2  fo  "V 


(R/T)n,  for  ttBt>1 


(95) 


[12]  Skolnik,  M.I.,  Introduction  to  Radar  Systems > McGraw-Hill 
Book  Co.,  New  York,  1962,  Eq.  1.10b. 


An  asymptotic  sketch  of  these  three  equations  as  functions  of  t 
is  ohown  in  Figure  9,  comparing  the  isolation  with  no  ICS  a one 
channel  ICS,  and  a two-channel  ICS.  imin  is  used  to  represent 
a delay  (.range)  closer  than  which  no  specular  reflectors  are 
present.  These  curves  show  the  relative  performance  of  a zero 

ona’  anfunct7onan?eitICS  f0r  ? specula^  reflector  of  fixed  size 
c as  a Junction  of  its  range  (or  delay). 

The  isolation  achieved  by  a single-channel  ICS  in  ter- 
rain with  a single  dominant  specular  reflector  is  plotted  as  a 
unction  of  (B/f0)  with  G2(a/r2)  as  a parameter  in  Figure  10 
for  *Bt<<1.  For  t<2/(ttBn),  a two-channel  ICS  improves^n  the 
single-channel  ICS  by  the  ratio 


(R/T). 

(P/'T)! 


-1(5x2 

15V 


(96) 


in^igure^l*1^6*  the  two-channel  Ics  Performance  is  plotted 
(2)  Continuous  Clutter 


, , T,^or  the  continuous  clutter  environment  with  a single- 

channel ICS  we  return  to  Equation  (84),  for  which  the  summation 
is  assumed  to  be  operating  over  an  extremely  large  number  of  scat- 

wit  h^uni  form  l , Vh?s?,  c^nPr^Pu^B°ns  are  statistically  independent 

in  ?8^1thPn1LdfStrlSUted  phase-  The  squared  magnitude  of  the  sum 
in  4)  then  is  a random  variable  with  a probability  distribution 

approaching  an  exponential  and  a mean  value  equal  to  the  sum  of  the 
squared  magnitudes  of  each  contributor.  Approximating  the 


mean  value , we  have 
(R/T), 


Similarly , 


(R/T)1  - 


2Q2 

TT  B 


la 

i 


2 2 

iV 


for 


ttBt  <<1 
max 


when 


ttBt^>1 


for  all  i 


sum  by  its 


(97) 


(98) 


Applying  (91)  and  (92)  to  (97)  and  (98)  gives 

a. 


and 


(R/T) 


(R/T). 


b2g2 

12Tfc2f2 


G^ 

4 TT  3C  2 f q 


l 

i 


l 

i 


a 


i 

T’ 

Ti 


for  ttBt  <<1 
max 


for  all  i,  where 


ttBt^I 


(99) 


(100) 


. o C Thaaeurfaults  assume  an  azimuthally  omnidirectional  an- 
tenna for  which  the  antenna  gain  is  the  same  for  each  scatterer. 

refiP^H? !rncr?jrsec^i0?  0lsls  n0W  modelled  as  a constant  area 
reflectivity  o0  (dimensionless)  times  the  differential  area  AA-j 

SO  ‘CnB.t  -*-  * 
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RECE I VER-TO-TRANSM I TTER  ISOLATION  WITH  A SINGLE  SPECULAR  REFLECTOR 

(TWO -CHANNEL  ICS) 


(101) 


ai  = aCAAi 

= a0riAriAt|;i 
2 

c aO 

= -jj t1At1A^1 


uhere  ip  is  the  azimuthal  angle.  • We  will  now  approximate  the 
summations  in  (99)  and  (100)  by  integration  over  the  variables 
t and  ip , using  (99)  for  x^l/irB  and  (100)  for  t>1/7tB.  Thus, 


(R/T)1 


B2G2a, 


1/ttB 

/ 

Tmin 


G2o 


-V 


i 


2tj 


16-tt3 f q'  1/ttB  0 


dx  (102) 

T ' 


where  Tmin  is  the  round-trip  propagation  delay  to  the  nearest 
scatterers.  Evaluating  the  integrals  gives 


(R/T) 


G^o 


-(§-)2[l 

xo 


3ln(TTBx 


min 


-)] 


(103) 


The  reflectivity  c0  is  larger  for  ground  clutter  than 
for  sea  clutter  [13],  so  that  ground  clutter  will  be  used  as  a 
worst-case  environment.  From  [13],  we  use 

aQ  = 3.2x10“Va 

= 1..07X10"1  2fp  (104) 

Inserting  (104)  into  (103)  gives 

(R/T),  « 6.67xlC_li4G2(|-)B[l  + |ln(==7 )]  (105) 

x0  3 7rjJTmin 

where  fg  = the  carrier  frequency  in  Hz 
B = the  signal  bandwidth  in  Hz 

Tmin  “ the  round-trip  propagation  delay  to  the  nearest 
scatterers  in  seconds 

G = the  numerical  value  or  the  antenna  gain. 


Following  a similar  development  for  the  two-channel  ICS 
in  a clutter  environment,  we  have  from  (85),  (91)  and  (92), 


(R/T)  2 


and 


ttB^G2 

l80c2f2 


-~-)2,  for  ttBt,<<1 
ttBn  i 


(106) 


[13]  Barton,  D.K.  and  H.R.  Ward,  Handbook  of  Rada v Measurement , 
Prentice-Hall  Book  Co.,  1968,  p.  138. 
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(H/T) 


r G 

l -p,  for  ttBt,  >1 


■5  p p L p » * WJ-  " >->  <■  j • 

‘(r^c  r i if  1 

o 1 


(107) 


Passing  to  the  integral  approximations,  we  have 
(R/T) 0 


1 ^ 2 1/ ri  a r / r\  * W-*  \ -1  2 


1/ttB  2tt  [ t-  ( 2/ttBm  ) ] ' 

/ / 0 dt|)dx 


7 20f) 


Tmin  ® 
G2o 


0 


/ 


2tt  , . 

/ dT 


16u3f2  ' 1/irB  ' 0 T3 


Using 


T <<  — ~ <<  — 

min  ttB^  ttB 


(108) 


(109) 


evaluation  of  the  integrals  results  in 

(R/T)- 


G2o 


0 / B % 2 r n 8 , B >2,  , 1 

Hr(f^  [1  + Jf^BC5  ln<Tt!r 


min 


-)] 


(110) 


Finally,  applying  (104)  to  (110)  results  in 


(R/T),  « 6.67xl0-1!|a2(B_)BU  + I|f(|-)2ln(^— )]  (111) 


'ttBt 


0 N ,,1Jlmin 

d.  Antenna  Effects  on  the  Multichannel  ICS 

The  SFP  antenna,  being  a tuned  device,  will  reflect 
the  transmitted  signal  with  a reflection  coefficient  that  is 
frequency  dependent.  The  antenna  is  modelled  by  a resonant 
circuit  shown  in  Figure  12.  The  reflection  coefficient  for 
this  model  is  given  by 


P(<d)  = 


Zin-R  = (Xc+Xl)2+2JR(Xc+Xl) 

Zin+R  4R2+(Xc+Xl)2 


(112) 


where  Xp  = u)L  and  Xq  = -u)C.  Note  that  at  center  frequency  cog  = 
1/vT77,  che  antenna  is  matched  so  that  p(u)q)  = 0. 

As  done  previously,  we  will  expand  p(oj)  in  a Taylor 
series  about  wq,  and  determine  the  single-channel  and  two-channel 
ICS  performance  from  the  coefficients  of  HP(f),  where  HP(t)  = 
P(2,[f+f0))  . 2„p,(  , 

2 ft  (113) 

C2  = 2 it  p (o)q) 
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TRANSMISSION  LINE 
WITH  ZQ  = R 


FIGURE  12 

RESONANT  CIRCUIT  MODEL  OF  SFR  ANTENNA 
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Differentiating  (112)  gives 


(> ' (m  ) 


8 r<pxx_^i-p JHXJJJi  w 3 - x 2 ) 

w’+x' V 


where 


X = XC+XL  = -i/a>C  + u>L 


Differentiating  ( 1 1^4 ) gives 

8R2{  (i|R2+X2)[(X»  )2+XX"]-itX2(X'  )2}/(ijR2+X2)3 
2,1  R[  ( l6R^-X^ )X”  - X(X'  )2(20R2-3X2)] 


PM(w)  = 


At  , 


(i|R2+X2)3 


p'  (a)0)  = j X ' /2R  = JL/R 

^ - 2(L/R'2  - j £- 


(nit) 


(115' 


(115) 


(117, 


The  two-sided  3 dB  bandwidth  of  the  antenna  model  in 
Figure  12  is 


Bant  ' i-<R/L> 
which,  with  (111)  gives 

P'(wn)  = j 


itB 


ant 


(118) 


p,'(w0)  22 


IT  B 


ant 

2 


irBant“0 


2.2  ’ for  Bant<<u)0 


ir  B . 
ant 

Inserting  (119)  into  (113)  gives 

C1  - J2/Pant 
C2  * '4/Bant 


Using  (120)  in  (73)  with  B/Bant<<1  gives 


(119) 


( “I 


120, 
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(R/T)1  * |C1|2B2/12  + | C 2 | 2B^/l80 
“ I(B/Bant)2  + ^B/Bant)^ 

= I(B/Bant)2  (121) 

for  the  single-channel  ICS.  Using  (120)  in  (80)  with  B/B  <<1 
gives  ant 

(R/T)2  = I C2+J  2 ( Cx /Bn ) I 2 bVi60 

= ^Bant/BN)-1^  <122) 

for  the  two-channel  ICS. 


e.  Numerical  Examples 

(1)  Single-Channel  ICS 


Let  us  consider  a single-channel  ICS  with  the  following 
design  parameters: 

fO  * 3x108  Hz 
B = 105  Hz 

Bant  ' 5x107Hz 


We  assume  the  following  environmental  conditions: 

(°/r2)max  - 1°_1  for  dominant  specular  reflector 
Tmin  = 20  ns  (closest  reflectors  10  feet  away) 


Using  Fj  .’re  10,  the  isolation  achievable  with  the 
specular  reflector  >s 

(R/T)^  = -101  dB  (specular  reflector)  (]_2 

The  isolation  achievable  In  the  presence  of  ground  clutter  is 
determined  from  (105)  to  be 


(R/T)1  = -110  db  (ground  clutter)  (12*4) 

The  isolation  limitation  due  to  the  antenna  reflection  is 


(R/T)^  = -59  dB  (antenna  reflection)  (125) 


It  is  clear  from  the  above  results  that  the  antenna  is  the 
limiting  factor. 
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(2)  Two-Channel  ICS 


We  now  consider  a two-channel  ICS  with  the  following 
design  parameters: 

f0  = 3x10' 

same  as  for  single^ 
channel  ICS  example 


B = lo5  Hz 
G = 1 

Bant  = 5x107  Hz 

Bn  = 5x10°  Hz 


We  assume  the  following  environmental  conditions; 

(°/r" )max  ~ 10-1  for  nearby  dominant  specular  re- 
flector (t<2/ttBn) 

1°^  meters^  for  distant  dominant  specular  reflector 
(t>2/ttBn) 

Tmin  = 20  ns  (closest  reflectors  10  feet  away) 


From  Equation  (96)  and  Figure  10  the  Isolation  achievable 
with  the  nearby  specular  reflector  is 

( R/T ) j = -1*4  0 dB  (nearby  specular  reflector)  (126) 

The  isolation  achievable  with  the  distant  specular  reflector  is 
determined  from  Figure  11  to  be 

( R/T ) 2 = -127  dB  (distant  specular  reflector)  (127) 

The  isolation  achievable  in  the  presence  of  ground  clutter  is 
determined  from  (111)  to  be 


( R/T ) 2 = -116.5  dB  (ground  clutter)  (128) 

The  isolation  limitation  due  to  the  antenna  reflection  is 

( R/T ) 2 = -99  dB  (antenna  reflection)  (129) 

Once  again  the  antenna  is  the  limiting  factor,  but  the  achievable 
isolation  of  the  two-channel  ICS  is  *40  dB  better  than  that  for 
the  single-channel  ICS. 


f.  Discussion  of  Analytical  Results 

In  both  the  one-channel  and  the  two-channel  ICS  numerical 
results,  the  antenna  reflection  is  the  major  limitation  to  the 
amount  of  achievable  transmitter-to-receiver  isolation.  However, 
the  isolation  with  the  two-channel  ICS  is  about  *40  dB  better 
than  with  the  one-channel  ICS. 

An  attempt  has  been  made  to  anticipate  the  analytical 
results  for  a three-channel  ICS  by  examining  the  results  for 
the  one-  and  two-channel  ICS's.  It  is  anticipated  that  the 
antenna  reflection  limitation  would  drop  by  approximately  another 
^40  dD  from  that  for  the  two-channel  ICS.  However,  almost  no 
improvement  is  expected  on  the  limitation  imposed  by  ground 
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clutter,  since  the  primary  ground  clutter  contributions  for  the 
two-channel  ICS  are  beyond  the  range  for  which  ttBt=1.  Thus 
ground  clutter  becomes  the  major  limiting  factor  for 'the  three- 
channel  ICS,  allowing  transmitter-to-receiver  isolation  of  about 

-11  The  same  limitation  holds  for  any  multichannel  ICS  with 

more  than  three  channels. 

U H h a design  goal  ol  120  dB  for  SFR  forward  gain  con- 
servative design  requires  transmit-to-receive  Isolation  well 
below  “120  dB.  The  above  results,  although  approximate,  leave 
doubt  whether  120  dB  of  useful  forward  gain  is  achievable  at 
300  MHz  with  a 100  kHz  bandwidth  in  a ground-based  situation, 

Since  the  achievable  isolation  is  close  to  -120  dB,  the  SFR  bread- 
board design  will  incorporate  a three-channel  ICS  with  120  dB 
forward  gain  capability  to  allow  future  field  testing  of  SFR  oper- 
ation with  the  full  gain  capability. 
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2.  MULTICHANNEL  NOTCH  FILTER  ICS  EXPERIMENT 

A laboratory  experiment  was  conducted  early  In  the 
program  to  verify  the  multichannel  notch  filter  ICS  concept. 

The  experiment  used  the  General  Atronlcs  MX-200  two-channel  VHF 
ICS  developed  previously  on  internal  R&D  funds. 

, ^ J ^he  Mx~200  was  constructed  with  two  identical  channels, 
intended  for  cancelling  two  independent  interferences  simultane- 
ously. For  this  experiment,  the  reference  input  to  the  second 
channel  was  obtained  by  passing  the  first  channel  reference  input 
through  a.  notch  filter  and  amplifiers.  In  this  way  a two-channel 
notch  filter  ICS  was  synthesized  with  the  intention  of  Improved 
cancellation  of  a single  broadband  interference  with  delay*,com- 
pared  to  that  obtainable  with  a single-channel  ICS. 

The  experimental  setup  is  shown  in  Figure  l?  The  inter- 
ference was  provided  by  a sinusoidally  modulated  FM  signal  gener- 
ator operating  at  125  MHz  with  a 600  kHz  bandwidth.  It  is  coni 
nected  to  the  ICS  antenna  Input  through  a delay  of  ";00 
coaxial  cable.  It  is  supplied  at  high  level  to  Reference  #1  with 
no  frequency  shaping.  The  input  to  Reference  # 2 is  shaped  in 
frequency  by  a notch  filter  centered  at  125  MHz  with  a bandwidth 
much  greater  than  600  kHz.  Both  an  L-C  notch  and  a quarter-wave 
delay  line  notch  were  used.  Following  the  notch  filter  is  36  d5 
of  gain.  The  ICS  output  is  monitored  on  a spectrum  analyzer. 

The  cancellation  results  for  the  L-C  notch  and  the  delay 
line  notch  were  Indistinguishable.  Figure  14  shows  the  cancella- 
tion results  by  a sequence  of  spectrum  analyzer  photographs  of 

i ^ °utput-  The  upper  photo  is  the  ICS  output  with  References 
and  ,,  2 disconnected,  showing  the  uncancelled  Interference. 

The  center  photo  shows  the  ICS  output  with  only  Reference  #1 
connected,  the  single-channel  ICS  configuration  giving  the  expected 
..-shaped  residue  spectrum.  The  lower  photo  shows  the  ICS  output 
with  both  References  #1  and  # 2 connected. 

The  photos  show  a band  edge  cancellation  ratio  of  30  dB 
with  the  single-channel  ICS  and  55  dB  with  the  two-channel  ICS. 

As  shown  in  Equations  (88)  and  (89),  cancellation  in  the  single- 
channel ICS  is  proportional  to  (Bt)2,  and  in  the  two-channel  ICS 
it  is  proportional  to  (Bt)4.  That  is,  cancellation  in  dB  with 
the  two-channel  ICS  should  be  approximately  double  that  with  the 
single-channel  ICS.  The  measured  performance  roughly  verifies 
the  Improvement  expected. 
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VERTICAL  SCALE: 

10  DB  PER  DIVISION 
TOP  LINE  = 10  DBM 

HORIZONTAL  SCALE: 

200  KHZ  PER  DIVISION 

(A)  REFERENCES  1 AND  2 
DISCONNECTED 


(B)  ONLY  REFERENCE  1 
CONNECTED 


(C)  BOTH  REFERcNCES  1 
AND  2 CONNECTED 


FIGURE  14 

RESULTS  OF  TWO-CHANNEL 
NOTCH  FILTER  ICS 
EXPER  IMENT 
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SECTION  III 

PILOT-DIRECTED  MULTICHANNEL  ICS 
1.  SYSTEM  CONCEPT 

rarfpSebackAr?ss 

!I  noH^sr^  :&  ^ 

.°^  f'rom  the  correlators  In  the  weight  control  unl?s  In 
the  ^FR  application,  the  transmitted  signal  is  essentially  a de 

S^LS1*  re0elVed  Slgnal-  ?hUS-  an  undesire'fc^re: 
grades°cancellationG would  “d  thereby  de" 


The  means  to  be  used  in  this  program  to  maintain  tor 
performance  in  the  SFR  is  to  use  an  additive  pilot  signal  to 
control  the  ICS.  The  ICS  thus  is  modified  from  the  "transmit 
signal-directed"  form  to  a "pilot-directed"  form.  A block  dia- 

Figureh°5lng  the  concept  ln  a single-cnannel  ICS  is  given" in 

A Pilot  slgnal  ls  added  to  the  transmitted  signal  before 
the  directional  tap  is  taken  to  provide  the  reference  signal 
input  to  the  complex  weight.  Instead  of  using  tMssamerefer- 

!nput  t0  the  welght  control  unit  (see  Figure  1) 
the  pHot  oignal  alone  is  used.  The  weight  control  is  based  * 
on  the  correlation  of  the  ICS  output  with  the  pilot  signal 
alone,  rather  than  with  the  transmitted  signal.  The  pilot  signal 
must  be  designed  to  have  low  correlation  with  the  received  signal 
W I hthe  transmitted  signal.  The  complex  weight  value  * 

!iin  L1!  hn  ??  pllot  dlrection  ls  that  which  optimizes  coupled 
pilot  cancellation,  and  hence  coupled  signal  cancellation  as  well, 

When  a pilot-directed  multichannel  notch  filter  ICS  is 
^ed»  "he  Pllot  supplied  to  the  weight  control  units  must  undergo 
the  same  notch  filter  processing  as  the  weight  inputs  do.  A block 
diagram  of  the  pilot-directed  multichannel  notch  filter  ICS  is 

shown  in  Figure  16.  The  differences  required  by  pilot  direction 
may  be  seen  by  comparison  with  Figure  5.  direction 
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FIGURE  16 

PILOT-DIRECTED  MULTICHANNEL  NOTCH  FILTER  ICS 


' . LAB(  RATORY  EXPERIMENTS  WITH  A PILOT-DIRECTED  TWO-CHANNEL 

NOTCH  FILTER  ICS 

a.  Test  Description 

A series  of  laboratory  experiments  have  been  conduct el 
t demons tx  ate  the  use  of  a pilot  signal  with  a two— channel  fiotcv 
filter  ICS.  The  experimental  arrangement  utilized  is  shown  in 
Figures  17  and  lb.  The  MX-200  VHF  Interference  Cancellation 
System  (ICS)  was  modified  to  permit  correlation  of  the  error 
signal  at  the  ICS  output  with  externally  supplied  pilot  signals. 

The  interference  and  pilot  signal  are  added  and  applied  to  the 
ICS  antenna  input  through  a simulated  coupling  path  consisting 
of  the  car  cede  of  a variable  attenuator  and  a 0.26  us  delay  coaxial 
cable  (200  ft).  Reference  input  1 is  derived  directly  from  the 
combined  pilot  and  interference  signals  while  reference  input  2 
is  obtained  at  the  output  of  L-C  notch  filter  no.  1.  The  corre- 
lator reference  signals  utilized  in  the  ICS  weight  control  cir- 
cuits are  derived  from  the  pilot  signal,  as  illustrated  in  Fi- 
gure 17 . The  correlator  inputs  for  the  first  reference  channel 
are  c talned  directly  from  the  output  of  the  Anaren  quadrature 
hybrid.  The  correlator  inputs  required  for  the  second  reference 
channel  are  obtained  after  additional  processing  using  the  notch 
filter-amplifier  cascades  shown  in  the  lower  portion  of  Figure  17. 

The  performance  of  this  pilot-directed  interference 
cancellation  system  has  been  tested  for  the  case  in  which  a fre- 
quency-modulated pilot  signal  is  used  and  the  interference  is 
either  CW  or  a pseudorandom  noise  (PN)  waveform.  The  pilot 
signal  carrier  frequency  = 141.185  MHz.  The  modulation  ' s sina- 
so„dal  FM  with  peak  deviation  = 50  kHz  and  modulation  frequency 
= 3 kHz.  The  interference  carrier  frequency  is  also  141.1*35  MHz 
and  both  interference  and  pilot  are  identical  in  level  at  the 
ICS  antenna  input.  A higher  level  interference  caused  inter- 
modulation products  in  the  amplifier  added  in  Figure  13,  obscuring 
the  test  results.  This  problem  can  be  overcome  by  different 
gain  distribution  in  the  final  repeater  design. 

b.  Experimental  Results 

The  experimental  results  are  illustrated  by  the  spectra.', 
analyzer  displays  shown  in  Figures  19  and  20.  Figure  19(a)  is 
a spectral  display  of  the  receiver  input  with  CW  interference 
and  the  ICS  disabled  by  disconnecting  both  reference  inputs. 

The  display  shown  in  Figure  19(b)  results  when  only  reference 
channel  1 is  connected,  and  Figure  19(c)  shows  the  residue  spec- 
trum with  both  reference  channels  connected.  A 24  dB  cancella- 
tion ratio  is  observed  for  pilot  frequency  components  at  the 
band  edges  fp  and  f2  when  a single  reference  channel  is  used; 
with  both  reference  channels,  the  band  edge  pilot  cancellation 
ratio  increases  to  46  dB. 
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INTERFERENCE  SOURCE 


FIGURE  17 

pilot-directed  interference  cancellation  experiment 


CENTER  FREQUENCY  = 120  MHz 
BPF  BANDWIDTH  = 60  KHz 


FIGURE  13 

•200  INTERFERENCE  CANCELLATION  SYSTEM  BLOCK  DIAGRAM  (MODIFIED  FOR  THIS  EXPERIMENT) 


-10  DBM 

VERTICAL:  10  DB/DIV 


FIGURE  19(A) 

CW  INTERFERENCE  + FM  PILOT 
REFERENCE  INPUTS  DISCON- 
NECTED (NO  CANCELLATION) 


-10  DBM 


FIGURE  19(B) 

CW  INTERFERENCE  + FM  PILOT 
REFERENCE  1 CONNECTED 
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FIGURE  19(C) 

CW  INTERFERENCE  + FM  PILOT 
BOTH  REFERENCE  CHANNELS 
CONNECTED 


Similar  results  are  shown  in  Figure  20  when  the  inter- 
ference carrier  is  biphase  modulated  by  a pseudorandom  sequence 
at  20  kilobits/sec.  The  same  FM  waveform  again  is  used  as  the 
pilot.  In  this  case  the  band  edge  pilot  cancellation  ratio  is 
u dB  using  reference  channel  1 only  and  increases  to  48  dB 
when  both  reference  inputs  are  connected.  It  should  be  noted 
'hat  at  each  frequency  the  interference  spectral  component  is 
cancelled  by  the  same  amount  as  the  pilot  spectral  component. 

c.  Conclusions 

The  results  described  provide  experimental  confirmation 
of  the  pilot-directed  interference  cancellation  concept  to  be 
employed  in  the  single  frequency  repeater  design.  The  test 
results  indicate  that  both  pilot  and  interference  signals  are 
cancelled  equally  well.  Th_*se  results  hold  for  both  single 
and  dual  channel  interference  cancellation  systems. 
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FIGURE  20(A) 

PN::  INTERFERENCE  + FM  PILOT 
REFERENCE  INPUTS  DISCON- 
NECTED (NO  CANCELLATION) 
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FIGURE  20(B) 

PN"  INTERFERENCE  + FM  PILOT 
REFERENCE  1 CONNECTED 
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FIGURE  20(C) 

PN::  INTERFERENCE  + FM  PILOT 
BOTH  REFERENCE  CHANNELS 
CONNECTED 


"BIPHASE  CARRIER  MODULATION 
BY  A PSEUDORANDOM  SEQUENCE 
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SECTION  IV 

ICS  WEIGHT  LINEARITY 


,,  ,,The  cornPlex  weight  circuit  used  in  the  ICS  must  be 
highly  linear  with  respect  to  the  reference  input.  Any  non- 

AfAAA1  36  nonllnear  distortion  on  the  weighted  inter- 
ference which  will  not  be  cancelled.  Nonlinear  distortion  in 
the  complex  weight  thus  has  the  same  effect  as  limiting  the 

cancellation.  The  level  of  in-band  third-order 
intermodulation  products  resulting  from  a two-tone  input  is  used 
here  as  a measure  of  nonlinear  distortion  caused  by  the  weight. 

Tj"je  weight  design  intended  for  use  in  the  SFR  breadboard 
consists  of  two  bipolar  attenuators,  one  in  each  of  two  quadrature 

consol  iS ’h%S  Sh?r  ln  PlgUre  21  • Each  biP°lar  attenuatoAs  DC- 
inveJsion  6 amplitude  scaling  with  or  without  phase 

A PIN  diode  network  has  been  developed  at  General 
Atronics  for  use  as  a bipolar  attenuator.  The  circuit  offers 
bhe  features : high  power  handling  capability  with 

low  distortion  low  return  loss,  and  low  minimum  insertion  loss. 
This  section  will  review  the  efforts  carried  out  to  date  on  this 
program  to  minimize  the  nonlinear  distortion  in  the  PIN  diode 
bipolar  attenuator. 

1.  PIN  DIODE  DISTORTION  THEORY 

The  resistance  R^of  a PIN  diode  is  controlled  by  a DC 
bias  current  IDC,  with  the  two  approximately  reciprocally  related: 


Rd  " V*DC 


(129) 


where  Kp  is  a constant  depending  on  the  particular  diode.  Dis- 
tortion in  the  diode  inonotonically  increases  with  the  distortion 

I aC  U O I"* 

TP  — T /T 

(130) 


F = 
D 


IAC//IDC 


where  Iac  is  the  peak  AC  current  through  the  diode.  Low  distor- 
tion performance  requires  that  FD  be  much  less  than  the  fnir 
product,  where  fq  is  the  AC  operating  frequency  and  tt  is  the 
minority  carrier  lifetime  of  the  diode.  L 

Let  us  now  consider  a PIN  diode  network  coupled  to  input 
-J- : n an^  n;l  impedance  transformers,  respectively, 
t See  Figure  22)  Let  the  source  and  load  impedances  be  fixed, 
but  let  N be  variable.  Let  us  define  the  network  attenuation  as 
the  ratio  of  the  power  delivered  to  the  load  divided  by  the 
maximum  power  available  from  the  source.  The  attenuation  can 
always  be  expressed  in  terms  of  ratios  of  impedances  found  in 
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FIGURE  22 

GENERAL  PIN  DIODE  ATTENUATOR 


the  network,  where  the  source  and  load  impedances  appear  multi- 
plied by  the  impedance  transformation  n.  Thus,  for  the  attenu- 
ation from  input  to  output  of  Figure  22  to  be  constant  as  n 
varies,  the  resistance  of  every  diode  in  the  network  must  be 
proportional  to  n.  For  example,  if  the  input  transformer  is 
changed  from  a 1:1  transformer  to  one  that  steps  up  the  source 
impedance  by  1:4,  then  the  same  attenuation  is  obtained  if  the 
diode  resistances  are  increased  by  a factor  of  4.  Thus,  should 
be  proportional  to  n for  constant  attenuation: 

Rd=  K2n  (131) 

From  (129  and  (133)  , the  DC  current  required  to  obtain  the  desired 
resistance  in  any  particular  diode  is 

^Dc  - %/Rd  - ^2n  ^ (132) 

The  l:n  input  impedance  transformer  will  step  down  the 
AC  input  current  by  /n.  If  the  diodes  are  biased  according  to 
(133  j then  each  diode  in  the  network  will  carry  an  AC  current 
proportional  to  l//n,  i.e., 

3- ac  - K 3 / /n  (133/ 

Thus,  from  (133,  (133  and  (133  the  distortion  factor  is  given  by 

fd  = k2k3/H/k1  (131) 

Thus,  we  see  that  reducing  FD  requires  making  n as  small  as 
possible.  That  is,  the  source  impedance  as  seen  by  the  diode 
network  should  be  stepped  down  (AC-input  current  stepped  up) 
for  reduced  distortion. 

A second  distortion-reducing  technique  is  to  replace 
each  diode  in  the  network  by  several  diodes  in  series,  if  rr. 
identical  series  liodes  are  used  to  give  the  same  total  resis- 
tance, then  the  resistance  of  each  diode  must  be  reduced  by  n. 
This  is  accomplished  by  increasing  its  DC  bias  current  by  a 
factor  of  m.  The  AC  current,  however,  is  unchanged,  so  that  Fp 
is  proportional  to  1/m,  i.e., 

Fd  * i/m  (135) 

Thus,  distortion  is  reduced  by  adding  more  diodes  in  series. 

The  combined  effect  of  Impedance  transformation  and 
series  diodes  makes  FD  proportional  to  /Ti/m,  i.e., 

FD  <*  /n/m  (136) 

As  n is  made  very  small  and/or  m very  large,  the  minimum 
attenuation  of  the  network  begins  to  increase.  That  is,  there 
is  a tradeoff  between  minimum  attenuation  and  distortion.  There 
is  also  a tradeoff  between  drive  power  and  distortion.  These 
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two  tradeoffs  will  set  the  eventual  limit  on  how  low  the  distor- 
tion can  be  made, 

2.  EXPERIMENTAL  RESULTS 

A number  of  experiments  have  been  conducted  to  measure 
two-tone  intermodulation  In  the  PIN-diodc  circuit  using  various 
circuit  modifications.  Two  different  methods  were  used  to 
isolate  the  third-order  intermodulation  product  generated  in 
the  circuit  to  permit  measurement  of  its  level.  One  circuit  was 
tested  with  both  methods,  and  the  results  were  substantially  the 
same . 


The  first  method  is  diagrammed  in  Figure  23,  in  which 
the  third-order  Intermodulation  product  is  isolated  by  cancella- 
tion. Two  CW  tones  are  generated,  amplified,  and  combined  so 
that  each  is  at  a level  of  +15  dBm  at  the  D.U.T.  input.  Some 
of  the  D.U.T.  input  is  tapped  off  in  a 10  dB  coupler  to  a path 
which  is  manually  adjusted  in  phase  and  amplitude  to  cancel  the 
D.U.T.  output.  In  this  way,  the  two  tones  and  the  intermods 
produced  ahead  of  the  D.U.T.  are  cancelled  to  a very  low  level 
at  the  input  to  the  spectrum  analyzer.  This  allows  the  intermods 
caused  by  the  test  setup  to  be  at  a very  low  level  compared  to 
those  generated  in  the  D.U.T.,  so  that  the  intermods  seen  on  the 
spectrum  analyzer  are  those  caused  by  the  D.U.T.  as  long  as 
they  exceed  the  calibration  level.  The  calibration  level  is 
found  by  replacing  the  D.U.T.  with  a 6 dB  pad  and  manually  ad- 
justing phase  and  amplitude  to  cancel  the  test  signals  on  the 
spectrum  analyzer  display. 

The  second  method,  diagrammed  in  Figure  24,  uses  fil- 
tering to  isolate  the  third-order  intermodulation  product.  The 
two  tones  are  separated  by  5 MHz,  and  their  generators  are  iso- 
lated from  each  other  by  a hybrid  combiner  and  by  bandpass  fil- 
ters #1  and  H2.  The  third-order  intermoiulatlon  product  is 
selected  by  bandpass  filter  H3  for  display  on  the  spectrum  analyzer. 

A summary  of  the  worst-case  Intermodulation  levels  found 
from  a two-tone  test  on  the  different  bipolar  attenuator  imple- 
mentations is  given  in  Table  1.  The  first  column  shows  the  date 
on  which  each  test  wras  conducted.  The  second  column  refers  to 
the  test  setup  — either  Figure  23  or  Figure  24.  The  third 
column  of  Table  1 describes  the  structure  of  the  D.U.T.  — the 
type  of  input  transformer  used,  the  number  of  series  diodes  in 
each  leg  of  the  network  and  the  diode  type.  The  fourth  column 
shows  the  principal  test  result  — the  highest  level  of  the 
output  intermods  over  the  full  range  of  attenuation  of  the  D.U.T. 

Several  conclusions  can  be  drawn  from  these  results. 

First,  as  long  as  the  DC  drive  is  optimized,  for  low  intermodu- 
lation performance  at  the  frequency  of  operation,  there  is  very 
little  dependence  on  frequency  in  the  225  MHz  to  400  MHz  range. 
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Secondly,  the  irtermod  products  can  be  reduced  by  about  10  dB 
by  using  a 50ft :12.5ft  Input  transformer  instead  of  a 50ft :50ft 
transformer.  (The  same  transformer  with  primary  and  secondary 
interchanged  is  used  on  the  output  as  well.)  Finally,  the  same 
10  dB  improvement  can  be  gained  by  replacing  each  PIN  diode  oy 
two  PIN  diodes  in  series  and  keeping  the  transformer  fixed. 


SECTION  V 
SFR  SYSTEM  DESIGN 


PRECEDING  PAGE 


^XANK-NOT  FILMED 


the  basiBThrL°?r?tS  d?s=rlbed  ln  the  preceding  sections  form 
r,L  oasio  lor  the  formulation  of  the  SFR  bioc*  riiqp-ram  a 

ceptual  block  diagram  of  the  SFR  is  given  in  Figure  5 ‘ it" 

V^gde  antenna  used  both  transmission  and  deception 
with  a 6dB  hybrid  as  the  antenna  coupler.  The  received  a ’ 

RF^TCS  5Ur,jUSh  f single-channel  pilot-directed  ICS  at  RF.  She* 
PCS  r/;XrC^ed  t0  provlde  55  dD  of  transmit-to-receive  isola- 
, r ’ sufficient  to  allow  RF  amplification  and  RF-to-IF  conver- 
sion with  negligible  distortion.  An  experiment  with  a simulated 
antenna  supporting  the  55  dB  figure  is  described  in  Section  ^2  ' 


following  RF-to-IF  conversion,  the  signal  is  amm 1 fl pH 

ICS  atSIFtedAtnthia  th^ef-adannel  Pilot-directed  notch  filter 
RS  at  IF  At  this  point  the  full  (R/T)o  isolation  is  obtained 

ACC  fal  then  passes  through  an  IF  filler  and  amplifier  with 
AGC_f°^  output  -i-evel  control.  The  detected  videc  output  of  the 
amplifier  is  used  to  indicate  signal  presence  to  control  the  DC 
power  supplied  to  the  RF  transmitter  amplifier.  C°ntro1  the  DG 

T+-  -Ice  01  The  PiT?tJiS  generated  at  IF  and  added  to  the  signal 
It  is  also  supplied  to  the  IF  ICS  as  well  as  to  the  RF  ICS  after 
up-cohyerdoh  The  combined  signal  pins  pilot  are up-convened 
RF  and  amplified  to  a 1 watt  level  for  transmission. 

. , A m°fe  detailed  block  diagram  showing  functional  units 

ic  gl^!n  ln  Figure  26.  This  diagram  follows  the  form  of  Figure 

the  JSem  11  ShOWS  Ul€?  di5tributlon  of  gain  throughout 


1.  FEATURES  OF  THE  SYSTEM  DESIGN 


sign  features?™  ^ b6er*  de£lgned  to  Provide  the  following  de- 


Operating  frequency 
Bandwidth 

Minimum  detectable  signal 
Signal-to-noise  ratio  for 
minimum  detectable  signal 
Forward  gain  on  minimum  signal 
Output  power  level1 
Input  dynamic  range 


300  MHz  (nominal) 

100  kHz 
-90  dBm 

+17  dB  for  100  kHz  bandwidth 
+23  dB  for  25  kHz  bandwidth 
+120  dB 
+30  dBm  (PEP) 

60  dB 


The  output  power  level  is  expressed  in  terms  of 
power  since  the  AGC  detector  which  controls  the 
level  is  a peak  detector. 


peak  effective 
output  power 
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CONCEPTUAL  BLOCK  DIAGRAM 


Signal-to-Intermodulation 
ratio  (two-tone  output  with 
minimum  detectable  signal) 
Signal  modulation  types 

a.  Calculation  of  Forward  Gain 


+20  dB 

any  with  bandwidth  ^100  kHz 


TahiP  ? .systern, (and  loss)  distribution  is  tabulated  in 
Table  2,  showing  a total  of  120  dB  of  forward  gain. 

b.  Calculation  of  Minimum  Signal-to-lJoise  Ratio 

from  [il,  Eq?  53 fiEure  of  the  receiver  will  be  calculated 

(F  -1)  (F  -l) 

= F,  + — J + — 2 


F 


RCVR 


Si 


St  E 


1 b2 


(137) 


where  the  numerical  subscripts  index  the  receiver  gai-  stae-s  i- 
oraer  of  their  occurrence,  Pl  Is  the  noise  figure  of  chefe 
otafee,  an,.  is  the  gain  of  the  i-th  stage.  All  gains  and 

"J1®?  are  in  numerical  ratios,  not  in  decibels.  B“caus® 

of  the  RF  losses  preceding  it,  the  noise  figure  of  the  fi-st 
stage  is  given  by  [l4,Eq.  6l] 

(138) 

where  Ff  is  the  numerical  value  of  the  RF  preamp  noise  figure 
preampF  1 6 nurnerlcal  VZj'  3 of  the  RP  loss  preceding  the 


F1  “ LRFFl 


The  noise  contributors  are  tabulated  in  Table  3 In- 
serting those  values  in  Equation  ( 137 ) gives 

17  dB  (139) 


FRCVR  53  * 5 


Assuming  a thermal  noise  spectral  density  of  Mn  = -174  dBm/Hz 
*e  minimum  signal-to-noise  ratio  is  determined  from 


" 'Rmin  "min^dBm^  ~ NQ( dBm/Hz)  ~ FRCVR^dB^  ~ 1°  log-^B 


=67-10  log1QB 


(140) 


' "?LdBrnj  the  received  signal  level,  and 

s bandwidth  in  Hz  in  which  the  signal-to-noise  ratio  is 
measured.  Thus, 


SNR 


_ r 1 7 dB  for  B 


105  Hz 


min  ^23  dB  for  B = 2^5x10 **  Hz 


d-i]  Mum  ford , W.W.  , E.H.  Scheibe,  Noise  Performance  Factors  in 

Mass^”1, 1968°”^  SlJstem>  Horizon  House-Microwave,  Inc.,  Dedham, 
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1 

I 1 

TABLE  2 

SYSTEM  GAIN  DISTRIBUTION 

Gain  or  Loss  Contributor  (re:  Fig.  26) 

Gain  (in  dB) 

BFF 

-1 

6 dB  Coupler 

-7 

RF  ICS 

+7 

RF-IF  Mixer  and  BPF 

-7 

First  IF  Amplifier 

+9 

IF  ICS 

+10 

XTAL  BPF  (2) 

-8 

IF  AGC  Amplifier 

+80  (max) 

IF-RF  Mixer  and  BPF 

-7 

Transmitter  RF  Amp 

+46 

6 dB  Coupler 

-1 

BPF 

-1 

Overall  System  Gain 

120  dB  (max) 

TABLE  3 

SYSTEM  NOISE  FIGURE  CONTRIBUTORS 

Item 

Decibel 

Numerical 

„ 

Value 

Value 

Lrf,  RF  losses 

12  dB 

15.85 

F^ , noise  figure  of  RF  preamp 

5 dB 

3.16 

g, , gain  from  input  of  RF  preamp  with  image 

5 dB 

3.16 

filter  to  input  of  IF  amp  # 1 

Fp , noise  figure  of  IF  amp  #1 

5 dB 

3.16 

go  gain  from  input  of  IF  amp  # 1 to 

6 dB 

3-98 

input  of  IF  amp  #2 

F o , effective  noise  figure  of  IF  amp  # 2 

5 dB 

35-84 

plus  IF  ICS 

added  noise 
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°'  Linearity  Slgnal-to-Inte™odulatlon  Ratio  on  Weight 
appears  at  the^npuJ^fthe^^rcs  aT  T “e  SPR  lnput 

ios  iSSrszs  ?r  Jr;?  8°s’L°r  "he  F'  ’ 

to  meet  the  slgnal-to-lntermodulatlon  ratio  of  20  a"  eP 

are  both  at'a  dT^I6"’^  t0nes’  **•* 

the  return  loss  of  the  SPR  antenna  Is  at  lelst  15 he^t-e 

oTn  dBm  e«hledTf°thhe  4ntenna  lnput  of  t"e  R^icl’a  a Lvel 
must dprovlde° the  ILTll  £ 

intermod  ^^““Sh?1**’  thlr“r  “ 

a third-order  Intercept  requlrfm™J  o?  l50  F^n  corr??P°nda  to 

sms 

2.  ICS  EXPERIMENT  WITH  A SIMULATED  ANTENNA 
a.  Test  Description 

R?-??1oo^eSs?ont?o  ^Tt,  f°r  RF  "^““^tlo^and 

be  achieved  at  IF  with  a multichannel  notch"?!! te^ICs"111  the" 

A schematic  diagram  of  this  circuit  1?  given  In  Figure 

is  based  m S£°!??  a bl°ck  dlagram  of  the  test  setup.  It 

a tw^ha^efy  °S  th  £r&f£  Sf*  ^ *M*5  Wlth 

top"?? ' the"? igure""3  f-^to^^o^ne^^ed^L3???^  ^ 
the  antenna  couplerUln"t he  rap?^?  C°Upler  t0  Sl“late 

ssrirr-r' “ ^‘-sss  sr- 

Pilot  are  fed  to  the  antenna  simulator  an?  to  the  SereSce  1 
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0 


0.15  V H 


FIGURE  27 

SIMULATED  ANTENNA  NETWORK 
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0 


ANTENNA 

SIMULATOP 


FIGURE  23 

SINGLE  C HAMPEL  PILOT-OIRECTED  ICS  WITH  ANTENNA  SIMULATOR 


input  °f  the  modified  MX-200  VHF  ICS.  The  MX-200  modifications 
are  identical  to  those  discussed  in  Section  IV. 2. 

A portion  of  the  pilot  is  taken  and  split  into  two 
quadrature  components  which  are  adjusted  in  delay  and  amplitude 
to  drive  the  I and  Q correlators  in  Channel  #1  of  the  MX-200 
The  notch  filter  processing  used  with  Channel  #2  in  Section  ill  2 
is  not  used  in  this  experiment. 

The  antenna  simulator  was  connected  to  the  antenna 
coupler  in  two  ways:  with  a BNC  barrel  (approximately  2 inches 

long),  and  with  a six-foot  length  of  coax.  Cancellation  results 
were  obtained  for  both  connections.  The  reference  level  for  0 dB 
return  loss  was  obtained  by  disconnecting  the  antenna  port  of  the 
antenna  coupler  and  leaving  it  open. 

b.  Test  Results 


riie  test  results  are  shown  in  the  photographs  of  Figures 
29  through  32.  F., gure  29  shows  the  output  of  the  ICS  with  no 

cancellation  and  the  antenna  simulator  disconnected.  The  100  kHz 
wide  FM  pilot  is  shown  with  the  CW  transmitter  signal  near  the 
center  of  the  screen.  Figure  29  is  the  return  loss  reference. 


When  the  antenna  simulator  is  connected  on  a two-inch 
cable,  Figure  30  shows  the  ICS  output  is  reduced  by  lr  dB  from. 
Figure  29.  No  ICS  cancellation  has  yet  taken  place. 


When  the  ICS  reference  is  connected,  the  ICS  cancels 
producing  tne  output  spectrun  shown  In  Figure  31(a).  The  CW 
transmitter  signal  at  the  center  of  the  screen  is  In  a deep  null 
In  excess  of  70  dB  from  the  return  loss  reference.  When  the  CW 
frequency  Is  moved  to  the  pilot  edge  In  Figure  31(b),  the  Inter- 
ference rejection  is  seen  to  be  55  dB  from  the  reference  level. 


A similar  sequence  of  photographs  is  shown  in  Figure  32 
lor  which  the  antenna  simulator  Is  connected  at  the  end  of  a 
six-foot  cable.  Figure  32(a)  shows  the  uncancelled  ICS  output 
down  15  dB  from  the  reference  level.  Figure  32(b)  shows  the 
cancelled  IOo  output  with  the  CW  Interference  at  band  center 
nulled  by  more  than  70  dB.  Figure  32(c)  shows  the  cancelled 
ICS  output  with  the  CW  Interference  at  band  edge  hulled  by  60  dB. 

c.  Discussion  of  Results 


The  combination  of  15  dB  return  loss  and  single-channel 
lob  cancellation  is  seen  to  provide  a worst-case  (band  edge) 
transmitter— to-rec elver  Isolation  of  55-60  dB  with  a 50  MHz  wide 
simulated  antenna.  This  isolation  Is  felt  to  be  sufficient  for 
repeater  RF  front  end  to  operate  properly.  Further  transmitter 
reject!  n will  then  be  accomplished  at  IF  with  a multichannel 
notch  filter  ICS. 
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HORIZONTAL:  LO  KHZ/DIV;  VERTICAL:  10  DB/DIV,  -10  DdM  TOP 


FIGURE  *9-  RETURN  LOSS  REFERENCE  - ICS  OUTPUT  WITH  ANTENNA 
PORT  OPEN  AND  NO  CANCELLATION 


FIGURE  30-  UNCANCELLED  ICS  OUTPUT  WITH  ANTENNA  SIMULATOR 
ON  TWO-INCH  CABLE 


HORIZONTAL:  20  KHZ/DIV; 


VERTICAL:  10D./DIV,  -20  DBM  TOP 


(A)  CW  INTERFERENCE 
COMPONENT  AT  BAND 
CENTER 


(B)  CW  INTERFERENCE 
COMPONENT  LOW 
FREQUENCY  BAND  EDGE 


FIGURE  31 


SINGLE-CHANNEL  CANCELLED  ICS 
SIMULATOR  ON  TWO-INCH  CABEL  ( 


OUTPUT  WITH  ANTENNA 
15  DB  RETURN  LOSS) 
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HORIZONTAL:  20  KHZ/DIV 
VERTICAL’  10  DB/DIV, 

-10  DBM  TOP 


(A)  UNCANCELLED  OUTPUT 


(B)  CANCELLED  OUTPUT  WITH  CW 
INTERFERENCE  COMPONENT 
AT  BAND  CENTER 


CO  CANCELLED  OUTPUT  WITH  CW 
INTERFERENCE  COMPONENT 
AT  BAND  EDGE 


FIGURE  32 

ICS  OUTPUTS  WITH  ANTENNA 
SIMULATOR  ON  SIX-FOOT  CABLE 
(15  DB  RETURN  LOSS) 


SECTION  VI 


SFR  BREADBOARD  DESIGN 


An  SFR  breadboard  system  was  built  based  on  the  design 
concept  presented  in  Figures  25  and  26.  It  was  designed  to  oper- 
ate at  a 291.8  MHz  RF,  with  a power  output  of  1 watt.  The  details 
of  the  implementation  are  presented  in  this  section. 


A block  diagram  of  the  SFR  breadboard  is  given  in  Figure 
is  which  "hows  the  system  functions  performed  in  each  subassembly, 
identified  by  the  letter  in  the  upper  left-hand  corner  of  each 
block.  Figure  3^  is  a block  diagram  illustrating  the  electrical 
Implementation  of  each  of  these  subassemblies. 


Both  the  RF  and  IF  ICS’s  have  their  complex  weights 
controlled  by  correlation  of  the  ICS  error  signal  with  a pilot 
signal . This  pilot  signal  is  added  to  the  SFR  transmission  so 
that  it  is  present  on  the  transmitted  signal  as  discussed  pre- 
viously . The  pilot  supplied  to  the  IF  ICS  correlators  is  at 
30  MHz.  while  the  pilot  supplied  to  the  RF  ICS  correlator  is 
first  up-converted  to  the  RF . 


1.  BLOCK  DIAGRAM  DESCRIPTION  (Figure  34) 

An  input  signal  from  the  antenna  is  coupled  into  the 
Antenna  Input  of  Box  A through  a 6 dB  coupler.  Also  nresent  on 
this  input  are  couoled  components  of  the  transmitted  signal  and 
the  pilot.  The  fourth  port  of  the  same  6 dB  coupler  serves  to 
provide  a portion  of  the  transmitted  signal  and  the  pilot  to  the 
Reference  Input  of  Box  A.  The  Reference  Input,  attenuated  by  26 
dB,  is  outputted  from  Box  A for  dovm-conversion  to  IF  and  further 
use  in  the  IF  ICS.  A larger  porticn  of  the  Box  A Reference  Input 
(attenuated  by  6 dB)  is  adjusted  by  the  RF  weight  to  effect 
cancellation  of  the  coupled  RF  transmitted  signal  and  pilot  in 
a 3 dB  hybrid  combiner . The  RF  weight  is  designed  to  impart  very 
low  intermodulation  distortion  upon  the  reference  signal. 

After  RF  cancellation,  the  received  signal  and  cancella- 
tion residue  are  provided  to  Box  B where  they  are  amplified  and 
down-converted  to  30  MHz  and  outputted  to  Box  D.  A sample  of  the 
RF  ICS  output  is  extracted  for  use  as  the  RF  ICS  feedback  error 
signal.  It  is  chopped  at  a 455  kHz  rate.  Chopping  sidebands 
that  appear  in  the  main  line  of  the  er-  or  coupler  are  at  multiples 
of  455  kHz  from  the  RF,  and  will  subsequently  be  relected  bv 
100  kHz  wide  filters  at  IF. 
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FIGURE  33 

sfr  breadboard  block  diagram  by  subassemblies 
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The  chopped  preamp  output  is  fed  to  Box  C,  where  it 
is  correlated  with  I and  Q versions  of  the  up-converted  pile*-  to 
generate  the  I and  Q control  signals  for  the  RP  wlight 

Sion  nf  e*"0"1  BjXtA  carrV±nZ  the  26  attenuated  ver- 

ai  r‘  f the  B°x  A Reference  Input  is  connected  to  Box  M where  it 
o further  attenuated  by  20  dB  and  then  down-converted  to  IF 

distortionain°?hpSaneCeSSary  aV°ld  generating  intermodulation 
distortion  in  the  down-converting  mixer.  The  resulting  sivnaT 

containing  the  transmitted  signal  and  pilot  at  IF,  forms  th* 

?hSee?peic"r^/^  th?  ICS  weight..  It  is  proviS  to  ihe 
three  IF  ICS  weights,  located  in  Boxes  F,  G and  H,  from  outnut 

taps  on  a cascade  of  30  MHz  notch  filters  located  in  SxE.  The 
taps  are  extracted  by  3 dB  hybrid  splitters.  Each  stage  of  notch 
tPtwPpln?hiS  saparated  bM  an  amplifier  to  provide  isolation 
rials  the  notches  and  t0  reRt°re  some  gain  to  the  notched  sig- 


Rnv  R *he  oubPuts  of  the  IF  ICS  weights  are  all  combined  in 
Box  D,  then  amplified  and  combined  with  the  IF  Main  Incut  to 

aIn?if-ipanCeilati0?4a^  IF*  The  resultinS  signal  is  further 
n n supplied  to  Box  D’,  where  it  is  split  into  two 
paths.  One  path  passes  through  a 100  kHz  wido  crystal  bandpass 
filter  and  cut  to  an  IF  AGC  amplifier.  P S 

. . The  other  path,  serving  as  the  IF  ICS  feedback  error 

signal,  is  chopped  at  a 455  kHz  rate  and  split  into  six  outputs 
three  in-phase  (I)  and  three  quadrature  (Q).  One  I outpSt  and 
one  Q output  are  provided  to  each  of  the  three  identical  IF 

TndSot  U?lt?  (Boxes  x>  J and  K).  In  these  units  the  I 

- ana  n^n^00^^1^01^63  are  Senerated  by  correlating  the 
1 and  ^ inputs  with  the  pilot  signal  obtained  from  taps  on  a cas- 

BoxeT°Ld°iCh'iail^rSi  ThiS  n°tCh  filter  cascade  is  located  in* 
Box  -i  and  is  identical  to  that  In  Box  E. 
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output  of  the  IF  AGC  amplifier  is  further  filtered 
wide  crystal  bandpass  filter.  It  is  then  combined 
pilot  signal  in  Box  M'  in  a 21  dB  coupler. 


to  the  2 91^8  SSfR?:d  They^re^hen^amplif  led 'to0!  he t point  ^ 
“lofis”  HO  dtePUt  5lgnal  iS  3t  +3°  dBm’  £nd  the  fanssltiii 

2.  CIRCUIT  DIAGRAMS 


a.  RF  Weight  and  Canceller  - Box  a 

~.r  -cm  Bche™atlc  diagrams  of  Box  A are  given  in  Figures  35  and 
, ’ igure  35  shows  the  resistive  networks  used  to  attenuate 
the  Reference  Input,  and  the  hybrid  components  used  for  signal 
Sf  1 inr  and  combining.  Figure  36  shows  the  schematic  details 
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RF  ICS'  COMPLEX  WEIGHT  AND  CANCELLER 


of  the  RF  bipolar  attenuator,  designed  for  low  intermodulation 
distort i on . 

b.  RF  Preamp  and  Down-Convertor  - Box  B 

A schematic  diagram  of  Box  B Is  given  in  Figure  37. 

Care  has  been  taken  to  isolate  the  RF  amplifier  (AH-591)  and 
the  IF  amplifier  (AH-59?)  from  stray  coupling  through  the  +15V 
DC  power  line.  The  input  to  the  AH-591  is  protected  by  a 
Schottky  diode  limiter,  so  that  if  excessive  power  is  reflected 
at  the  SFR  antenna  terminal,  it  will  not  destroy  the  amplifier. 

c.  RF  Weight  Control  Unit  - Box  C 

Schematic  diagrams  of  Box  C are  given  in  Figures  jd 
through  4l.  Box  C contains  five  circuit  cards.  With  reference 
to  Figure  38,  the  circuitry  is  subdivided  in  the  following 
manner:  the  first  card  contains  the  pilot  up-converter,  the 

two  hybrid  splitters,  and  the  two  correlators  (I  and  Q);  the 
second  and  third  cards  are  the  synchronous  detector/lowpass 
filter,  I and  Q respectively;  the  fourth  and  fifth  cards  are 
the  bipolar  attenuator  drivers,  I and  Q respectively.  A test 
jack  is  included  between  each  lowpass  filter  and  driver  to 
allow  the  feedback  loop  to  be  opened  and  an  external  DC  weight- 
control  voltage  inserted,  or  to  monitor  the  DC  weight  control 
voltages  under  closed-loop  operation. 

Figure  39  shows  a schematic  of  the  correlator.  It  takes 
the  form  of  a diode-quad  double-balanced  mixer,  except  that  the 
diodes  are  biased  with  a low  DC  current  to  maintain  linearity 
with  respect  to  both  inputs  without  sacrificing  sensitivity  at 
low  input  levels.  The  output  is  at  the  chopped  frequency,  455 
kHz  . 

Figure  40  shows  a schematic  of  the  synchronous  detector/ 
Dowpass  filter.  The  455  kHz  input  from  the  correlator  is  stepped 
up  in  voltage  in  a tuned  transformer,  amplified  in  a pA733  video 
amplifier,  and  further  amplified  In  a CA3100  wideband  op  amp. 

It  is  synchronously  detected  against  the  455  kHz  chopping  signal 
by  the  combination  of  a CD4016D  analog  switch  and  a CA3100  op 
amp,  in  which  the  analog  switch  alternately  puts  the  op  amp  in 
the  unity  gain  inverting  mode  and  the  unity  gain  noninverting 
mode.  A 741  op  amp  is  then  used  as  a lowpass  filter  to  esta- 
blish the  open  loop  feedback  time  constant  of  1.5  seconds. 

Figure  4l  shows  the  schematic  of  the  drjver  for  the  RF 
bipolar  attenuator.  A 741  op  amp  is  used  as  an  input  buffer, 
after  which  the  driving  voltage  is  split  into  two  paths,  one 
the  inversion  of  the  other.  These  voltages  are  converted  non- 
linear ly  ^nto  the  drive  currents,  Ia  and  I^,  required  by  the 
bipolar  attenuator  to  maintain  low  intermodulation  distortion 
over  the  range  of  attenuation  while  maintaining  linear  control 
of  the  RF  output  voltage.  The  crossover  currents,  where  Ia“Ib 
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SFR  RF  BIPOLAR  ATTENUATOR  DRIVER 


and  the  attenuation  is  greatest,  are  set  by  the  two  pot  adjust- 
ments. The  nonlinear  characteristic  of  output  current  vs  input 
voltage,  which  compensates  for  the  control  nonlinearity  of  the 
PIN  diode  bipolar  attenuator,  is  determined  by  the  diode-resistor 
networks  in  emitters  of  the  two  current  source  transistors. 

The  resulting  linearization  of  the  overall  control  is  shown  In 
Figure  42. 

d.  IF  Canceller  and  Error  Signal  Distribution  - Boxes  D and  D* 

Figure  43  gives  the  schematic  diagram  of  Boxes  D and  D*. 
In  Box  D the  I outputs  and  Q outputs  of  the  three  IF  ICS  weights 
are  combined  using  a single  quadrature  hybrid  combiner  for  all 
three  weights.  The  combined  weight  outputs  are  amplified,  com- 
bined with  the  main  IF  input  from  Box  B for  cancellation,  and  then 
further  amplification  provides  the  output  to  Box  D*. 

The  input  to  Box  D*  is  split  into  two  paths.  The  upper 
path  is  amplified,  chopped  by  455  kHz,  and  split  into  three  I 
and  three  Q outputs  to  be  used  as  chopped  error  signal  inputs 
to  the  IF  ICS  correlators.  The  lower  path  Is  passed  through 
a two-pole  crystal  filter  with  L-C  impedance  matching  networks 
at  its  input  and  output.  The  input  matching  network  is  enclosed 
in  a copper  can  to  prevent  it  from  radiating  out-of-band  signals 
around  the  crystal  filter  into  the  output  network. 

e.  Notch  Filter  Chains,  Boxes  E and  L 

Figure  44  gives  a schematic  diagram  of  the  notch  filter 
chains  in  Boxes  E and  L that  provide  the  tapped  outputs  of 
tandem  notch  filters.  The  inductors  Lp  and  L2  are  high-Q  compo- 
nents, made  by  winding  22  turns  of  #30  wire  on  a Micrometals 
#T30-6  ferrite  toroid.  The  resulting  3 dB  bandwidth  of  the  notch 
filters  is  2.1  MHz,  and  the  notch  depth  is  20  dB.  Several  passive 
notch  filter  configurations  were  tried,  and  this  one  gave  the 
narrowest  bandwidth  with  the  same  notch  depth. 

f.  IF  Weight  Assemblies,  Boxes  F,  G,  H 

As  shown  in  Figure  45,  the  three  identical  IF  weight 
assemblies  in  Boxes  F,  G and  H consist  of  an  in-phase  power 
splitter  and  two  bipolar  attenuators,  one  for  the  in-phase  (I) 
component  and  one  for  the  quadrature  (Q)  component.  The 
schematic  diagram  of  the  II  bipolar  attenuators  is  given  in 
Figure  46.  It  is  similar  in  form  to  the  RF  bipolar  attenuators 
drawn  in  Figure  36,  but  intermodulation  distortion  is  less  impor- 
tant because  the  IF  bipolar  attenuators  are  operating  at  input 
levels  at  least  38  dB  below  the  RF  bipolar  attenuator  Input  level. 
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FIGURE  42 

RF  BIPOLAR  ATTENUATOR -DR  IVEF:  CHARACTERISTIC: 
DETECTED  RF  OUTPUT  VOLTAGE  VS  INPUT  CONTROL  VOLTAGE 
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UNLESS  OTHERWISE  SPECIFIED: 


ALL  RESISTANCE  VALUES  ARE  IN  OHMS,  ±5%  1/4  W 
ALL  CAPACITANCE  VALUES  ARE  IN  PICOFARADS 


MICROMETALS  T30-6  CORE  MONOLITHIC 

TlYSTAL  FILTER 
fD  - 30  MHi 

. B - 100  KHi 


30MHz  CRYSTAL  FILTER 

FIGURE  43 

SFR  IF  CANCELLER  AND  ERROR  SIGNAL  DISTRIBUTION 
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g.  IF  Weight  Control  Units,  Boxes  I,  J,  K 


Boxes  I,  J and  K contain  three  identical  control  units 
Tor  the  IF  weights.  A block  diagram  of  these  control  units  is 
given  in  Figure  >47.  These  units  are  built  in  a fashion  very 
similar  to  that  used  in  the  RF  weight  control  units  discussed 
earlier.  There  are  five  circuit  cards.  The  first  contains  the 
power  divider  and  two  (I  and  Q)  correlators,  whose  schematic 
is  shown  in  Figure  39.  The  second  and  third  cards  contain  the 
I and  Q synchronous  detector/lowpass  filters,  whose  schematic 
is  shown  in  Figure  >40.  The  fourth  and  fifth  cards  contain  the 
I and  Q bipolar  attenuator  drivers,  which  are  each  preceded  by 
a test  jack  for  monitoring  the  DC  control  voltages  and  for  in- 
serting external  DC  voltages  under  open  loop  test  'conditions. 


Since  the  IF  bipolar  attenuators  are  slightly  different 
from  the  RF  ones,  their  drivers  are  slightly  different  as  well. 

A schematic  of  the  IF  bipolar  attenuator  driver  is  given  in 
Figure  48.  Its  operation  is  basically  the  same  as  that  of  the 
RF  bipolar  attenuator  driver  of  Figure  4l.  The  difference 
between  the  two  ] ies  in  the  resistor  values  used  in  the  resistor- 
diode  network  on  the  emitters  of  the  Ia  and  1^  current  source 
transistors  that  compensate  for  the  control  nonlinearity  of  the 
bipolar  attenuators.  The  30  MHz  attenuator  output  voltage  wave- 
form is  shown  in  Figure  49  as  a function  of  a sawtooth  driver 
input  waveform. 


h.  IF  AGC  Amplifier 


The  IF  AGC  amplifier  is  used  to  provide  gain  at  IF  with 
AGC  action  through  a peak  detector.  This  keeps  the  final  trans- 
mitted output  power  at  1W  so  that  multichannel  inputs  are  relayed 
with  the  same  relative  power.  The  IF  AGC  amplifier  is  manufactured 
by  RHG  Electronics  Laboratory,  Inc.,  Model  #EST3002.  Its  per- 
formance is  summarized  in  Table  4. 


i.  IF  Bandpass  Filter  and  Pilot  Distribution  System,  Box  M? 

A schematic  diagram  of  Box  M'  is  given  in  Figure  50. 

The  AGC  amplifier  output  is  bandpass  filtered  in  box  M ’ in  a two- 
pole  crystal  filter  of  100  kHz  bandwidth  at  30  MHz,  with  L-C 
input  and  output  impedance  matching  networks.  The  same  type  of 
filter  is  used  to  constrain  the  spectrum  of  the  pilot  signal 
before  it  is  split  and  combined  with  the  transmitted  signal  in 
Box  M’.  The  pilot  is  used  as  the  reference  input  in  the  RF  and 
IF  ICS  correlators. 
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FIGURE  49 


IF  BIPOLAR  ATTENUATOR-DRIVER  CHARACTERISTIC 
IF  OUTPUT  VOLTAGE  VS  INPUT  CONTROL  VOLTAGE 
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Table  4 

IF  AGC  Amplifier 
(RHG  #EST3002)  Performance 


Center  Frequency 
3 dB  Bandwidth 
Maximum  Power  Gain 
1 dB  Compression  Point 
Maximum  Saturated  Power  Out 
Noise  Figure 

Max.  Voltage  Gain  (AGC  loop) 

Maximum  Voltage  Out  (video) 

Voltage  Required  for 
60  dB  of  AGC  Range 

AGC  Time  Constant 

AGC  Compression  Ratio 

Rise  Time 

Power  Required 


Characteristic  s 

30  MHz 

2.8  MHz 
83  dB 
+15  dBm 
+20  dBm 

1.8  dB 
103  dB 
7.4  V P-P 
-4.65  V 

15  us 

60  dB/<3  dB 
0.50  ys 

+12  VDC  at  110  mA 
-12  VDC  at  45  mA 
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FIGURE  50 

SFR  IF  BANDPASS  FILTER  AND  PILOT  DISTRIBUTION  SYSTEM 


J • Signal  Up-Converter,  LO  Distribution  and  Reference 
Down-Converter,  Box  M 

A schematic  diagram  of  Box  M is  given  in  Figure  51. 

30  MHz  IF  input  is  up-converted  by  mixing  it  with  the  261.8 
MHz  local  oscillator  to  the  291.8  MHz  RF . It  is  then  bandpass 
filtered  in  a two-section  L-C  filter  and  amplified  by  12  dB. 

The  12  dB  amplifier  is  followed  by  a 30  MHz  notch  filter  to 
reject  the  IF,  and  a delay  line  notch  filter  with  a null  at 
231.8  MHz  and  a peak  near  291.8  MHz  to  reject  the  lower  sideband. 

The  LO  input  is  a 261.8  MHz  sinusoid  at  a 0 dBm  level. 

It  is  distributed  through  a network  of  hybrid  splitters,  filters, 
pads,  and  amplifiers  which  are  used  to  prevent  signal  flow 
through  the  LO  distribution  network.  For  example,  there  are  LO 
outputs  to  the  pilot  up-converter  and  to  the  signal  down- 
converter.  If  the  pilot  signal  flows  through  this  path,  it 
reaches  the  receiver  IF  input  through  a path  which  is  not  shared 
by  the  transmitted  signal.  Thus,  when  the  IF  ICS  adapts  to 
cancel  the  pilot,  it  will  not  be  cancelling  the  transmitted 
signal  in  the  same  manner. 

The  LO  is  used  in  two  mixers  in  Box  M — one  to  up- 
convert  the  transmitted  signal,  and  the  other  to  down-convert 
the  RF  ICS  Reference  for  use  as  the  IF  ICS  Reference.  The  LO 
is  outputted  from  Box  M for  use  in  two  otner  places  — in  Box  C 
for  up-converting  the  pilot  and  in  Box  B for  down-converting 
the  signal. 

k.  Transmitter  Power  Amplifier 

The  transmitter  power  amplifier  Is  manufactured  by 
Microwave  Power  Devices.  Inc.,  Model  #LWA055-2.  Its  performance 
features  are  summarized ' in  Table  5. 

^55  kHz  Waveform  Generator,  Box  N 

A schematic  diagram  of  Box  N is  given  in  Figure  52, 

The  4 55  kHz  squarewave  is  generated  in  a CD40^7AE  oscillator. 

Four  outputs  are  taken  directly  from  the  CD4047AE  to  drive  the 
synchronous  detectors  in  the  RF  ICS  and  IF  ICS  weight  control 
units.  These  outputs  supply  low  current  levels.  Two  higher 
current  outputs  are  provided  through  Class  C buffers  at  +7  dBm 
each  to  drive  the  error  signal  choppers  in  theRF  ICS  and  IF 
ICS. 
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FIGURE  51 

SFR  SIGNAL  UP  CONVERTEH.  LOCAL  OSCILLATOR 
OISl  RILUITKIN  and  reference  down  converter 


Table  5 


SFR  Transmitter  Power  Amplifier 

Performance  Characteristics 


(MPD  #LAA055-2 ) 
Frequency  Range 
Power  Output 

Third-Order  Intercept 
Harmonic  Levels 
Gain 

Gain  Flatness 
Noise  Figure 
Input  Power 


5-500  MHz 

+33  dBm , 1 dB  compression 
+35  dBm,  saturated 

+4  3 d Bm 

-20  dB,  max 

38  dB,  min 

±1.0  dB 

8 dB 

+24  VDC , 1-65  amps 


SECTION  VII 


EXPERIMENTAI  RESULTS  WITH  THE  SFR  BREADBOARD 


To s t s wore  conducted  on  the  SER  breadboard  which  were 
alined  at  ostabl  1 shi ng  the  following  principles  of  operation: 

1)  Pilot  direction  of  an  ICS  is  valid  and  can  be  used  in  an 
SFR. 

2)  An  IF  ICS  can  further  improve  the  cancellation  of  an  RF 
ICS  and  thus  improve  the  forward  gain  of  an  SFR. 

3)  A multichannel  notch-filter  ICS  can  be  used  to  improve 
broadband  cancellation  performance  and  SFR  forward  gain. 

*0  The  ICS  is  applicable  to  an  SFR  to  increase  forward  gain. 

5)  The  SFR  is  linear  and  can  be  used  as  a multichannel  relay. 

These  operating  principles  have  been  experimentally  established. 
The  SFR  experiments  also  have  demonstrated  the  performance  limi- 
tations in  the  present  breadboard  and  point  out  the  need  for 
further  improvements. 

1.  PILOT  DIRECTION  AND  CASCADED  ICS’S 

The  RF  ICS  by  Itself  provides  40-^5  dB  of  cancellation, 
both  on  the  pilot  and  on  the  coupled  transmitted  signal , The  IF 
ICS  (single  channel)  provides  an  additional  ^3  dB  of  cancella- 
tion beyond  that  on  a CW  pilot.  The  shape  of  the  resulting  IF 
ICS  cancellation  notch,  however,  is  very  narrow,  producing 
great  variations  in  the  transmitted  signal  cancellation  as  a 
function  of  its  location  in  the  100  kHz  transmission  band.  The 
same  frequency-dependent  cancellation  performance  is  noted  on 
an  FM  pilot  (LOO  kHz  wide),  where  the  band-center  cancellation  is 
deep,  but  the  band-edge  cancellation  is  only  5 dB  down  from  the 
RF  ICS  cancellation.  If  a transmitted  signal  is  added  to  the 
pilot,  its  cancellation  spectrum  follows  that  of  the  pilot. 

The  cancellation  performance  described  above  is  illus- 
trated in  the  photographs  of  Figure  53.  The  photographs  show 
the  FM  pilot  at  the  output  of  the  IF  ICS.  The  upper  photo  is 
with  the  RF  and  IF  cancellation  disabled.  The  center  photo  is 
with  only  the  RF  ICS  operating.  The  lower  photo  is  with  both 
RF  and  IF  ICS's  operating.  It  may  be  noted  that  the  cancellation 
notch  formed  by  the  RF  ICS  is  broad,  but  the  IF  ICS  notch 
is  narrow,  accounting  for  the  degraded  cancellation  at  the  band 
edges . 


A narrow  cancellation  notch  is  caused  by  imperfect  match 
of  the  phase  and  amplitude  vs  frequency  characteristics  between 
the  circuitry  along  the  main  input  and  along  the  reference  input. 
Correction  of  a phase  mismatch  was  attempted  by  adjusting  cable 
lengths  both  at  the  IF  ICS  inputs  and  at  the  RF  ICS  inputs,  but 
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ISTICS OF  RF  AND  IF  ICS'S 


no  improvement  was  gained.  It  has  been  concluded  that  the  mis- 
match problem  must  be  in  amplitude,  but  further  diagnosis  and 
correction  has  yet  to  be  done. 

2.  MULTICHANNEL  NOTCH  FILTER  ICS 

The  IF  ICS  was  designed  as  a three-channel  notch  filter 
IT.  Tt  has  the  capability  of  improving  broadband  cancellation 
performance  over  that  of  a single-channel  ICS  when  non-flat 
amplitude  or  phase  vs  frequency  characteristics  limit  the  can- 
cellation bandwidth  as  is  the  case  here.  The  implementation  of 
the  notch  filter  ICS  in  the  SFR  breadboard,  however,  was  found 
to  be  ineffective  with  a signal  as  narrowband  as  100  kHz.  That 
is,  the  three -channel  ICS  performance  was  the  same  as  that  of 
the  single-channel  ICS. 

T?sts  were  run  on  the  three-channel  IF  ICS  alone  to  de- 
monstrate its  operating  principles.  The  tests  were  conducted 
using  a 600  kHz  bandwidth  FM  test  signal  at  30  MHz,  which  repre- 
sents the-  SFR  pilot.  Boxes  D,  D',  E and  L (see  Figure  33)  of  the 
ICS  breadboard  were  used  in  the  test  setup  shown  in  Figure  5^ . The 
performance  results  are  shown  in  the  photographs  of  Figure  55. 

Each  photograph  in  Figure  55  shows  four  traces,  labelled 
0,  1,  2 or  3.  The  label  number  represents  the  number  of  notch 
filter  channels  activated,  with  0 referring  to  no  cancellation 
t all.  In  Figure  55a,  where  there  is  little  delay  between  the 
ICS  inputs,  the  cancellation  with  one  channel  is  good  to  begin 
with,  so  that  the  addition  of  the  second  and  third  channels  causes 
only  slight  improvement.  As  the  delay  Is  increased  In  Figures 
55b  and  55c,  the  improvement  offered  by  the  second  and  third 
channels  is  far  more  significant.  In  fact,  In  Figure  55c,  the 
single-channel  ICS  provides  no  cancellation  at  the  band  edges, 
but  the  three-channel  ICS  provides  at  least  ^0  dB  of  cancellation 
across  the  bana 

The  notch  filters  used  in  the  IF  ICS  are  of  the  L-C  type, 
using  ferrite  toroid  cores  to  obtain  a high-Q  inductor.  Even 
so,  the  Q is  not  high  enough  to  allow  the  last  expression  of 
Equation  (68)  to  be  satisfied  when  the  signal  bandwidth  is  100 
kHz.  With  a 601  kHz  bandwidth,  the  notch  filter  operates  as 
desired.  Further  improvement  in  the  notch  filter  design  to 
provide  a narrow  notch  bandwidth  without  sacrificing  notch  depth 
will  allow  operation  with  a 100  kHz  bandwidth,  but  such  improve- 
ment requires  an  approach  other  than  a series  or  shunt  tank 
circuit.  The  analysis  of  Appendix  A shows  that  in  these  two 
configurations  the  product  of  the  notch  depth  times  its  band- 
width is  a constant  determined  by  the  center  frequency  and 
the  unloaded  Q of  the  Inductor. 
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The  multichannel  notch  niter  leg  war,  alr.o  tented  In  cas- 
cade with  the  HI1'  ICS , as  required  in  the  3 HR  design.  In  order 
to  use  a 600  kHz  wide  pilot,  the  100  kHz  wide  crystal  filters 
were  bypassed.  The  test  setup  used  is  illustrated  in  Figure  56 
with  the  SFR  loop  opened  at  port  5 and  monitored  there.  Figure 
57  gives  a seqience  of  spectrum  analyzer  photographs  taken  at 
the  IF  ICS  output  showing  the  progressive  reduction  (improvement) 
of  cancellation  residue  with  the  use  of  the  RF  ICS,  the  first 
channel  of  the  IF  ICS,  the  second  channel  of  the  IF  ICS,  and  the 
third  channel  of  the  IF  ICS. 

It  was  noted  that  both  the  weight  and  correlator  notrn 
filter  chains  exhibited  a spectral  component  at  the  LO  frequency 
(761.8  MHz)  which  gets  progressively  stronger  proceeding  along 
the  chain.  This  is  due  to  a small  amount  of  LO  leaking  through 
the  downconverter , into  the  inputs  of  the  notch  filter  chain  and 
being  amplified  by  the  broadband  amplifiers  but  not  being  notched 
by  the  filters.  The  result  is  that  this  LO  component  interferes 
with  the  operation  of  the  IF  ICS  control  loops  by  a progressively 
increasing  amount.  This  effect  is  negligible  in  the  first  loop, 
noticeable  in  the  second  loop,  and  strong  in  the  third  loop. 
Lowpass  filters  were  incorporated  at  the  inputs  to  both  notch 
filter  chains  in  order  to  obtain  the  photos  in  Figure  57,  but 
they  did  not  eliminate  the  problem.  Because  of  this  problem,  the 
multichannel  notch  filter  IF  ICS  did  not  provide  as  much  can- 
cellation when  cascaded  with  the  RF  ICS  as  it  did  when  tested 
alone . 

3.  FORWARD  GAIN  MEASUREMENTS 
a.  Test  Setup 

Forward  gain  measurements  were  made  on  the  SFR  bread- 
board using  the  equipment  arrangement  shown  in  Figure  56.  The 
IF  crystal  filters  limited  the  pilot  and  signal  bandwldths  to 
100  kHz.  Because  the  multichannel  IF  notch  filter  ICS  with  a 
100  kHz  signal  bandwidth  does  not  enhance  the  single-channel 
performance,  only  a single  channel  was  used. 

The  coupler  and  pads  within  the  dashed  region  are  used 
to  permit  the  application  of  a simulated  received  signal  to  the 
repeater  input.  The  repeater  output  Is  then  examined  directly 
at  (2) , after  attenuation  to  a safe  power  level  for  the  spectrum 
analyzer . 


The  repeater  signal  path  Is  shown  by  the  heavy  line  on 
Figure  56.  The  incoming  wave,  Incident  on  the  antenna  coupler, 
enters  port  2 and  is  coupled  to  port  1*  with  6 dB  coupling  loss. 
It  passes  through  variable  attenuator  # 2 and  enters  the  RF  ICS 
weight  assembly  A , where  an  additional  3 dB  loss  occurs.  The 
signal  is  amplified  and  down-converted  to  a 30  MHz  Intermediate 
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repeater  forward  power  gain  is  calculated  from  the 
individual  blocks  to  be 


GF  ~ -6-L2-3+15  + 5-L1  + 6^-2+3+^0  = 116  - (I^+Lg) 


dB 


(1^1) 


where  Lp  and  L2  are  the  attenuator  insertion  losses  In  dB  In 
fohrw^dPega?nnLS  Itlnlf™ ' ^ = 5 “ WaS  nalntalned  »°  ^t  the 


Gp  = 111  - L1  (dB) 


(1^2) 


The  repeater  forward  gain  is  determined  exDeriment-ai  l v 

°i  1 CW  Slgnal  at  to  and  * 

A 1°"^^  P0Wer  at  (l)‘  The  loss  on  the  input  signal 
x rom  Q .j  to  the  SFR  antenna  port  is  1 P hr  mno  ,,  ° , 

signal  from  the  SFR  antenna  port  to  fl)  Is  23  dB  ThuS  with^T* 

wahrd“Jsn  fr°m  W t0  ©’  H fonoisdthatTtheS’sFRltfho?i 


Gp  - Gx  + 36 


(1^3) 


where  both  Gp  and  Gp  are  in  dB, 
b.  Forward  Gain  Measurements 


, rSe  FurP°se  of>  this  test  is  to  determine  the  maximum 
bl<:  forward  gain  that  can  be  used  without  repeater  insta- 
billty  due  to  closed  loop  feedback  via  the  antenna  network.  In 
„.  f oase>  the  output-to-input  coupling  is  primarily  due  to  the 
inlte  antenna  coupler  isolation  between  ports  1 and  1'.  (The 
insertion  loss  between  these  ports  was  measured  as  22  dB.) 

and  hnfhIRR'WaS^f?^nd  thaI\’  with  no  desired  receivedsignal  present 
and^both  RF  and  IF  cancellers  disabled,  oscillation  developed  when 
bp  / dB.  With  the  received  signal  absent  and  the  RF  and  IF 
cancellers  operating,  Lp  could  be  decreased  to  dB  before  the 
repeater  oscillation  started,  so  that  the  RF  and  IF  cancellers 
provide  at  least  53  dB  of  isolation  across  the  100  kHz  band, 
from  Equation  (1^2)  the  achievable  forward  gain  Is 


Gp  = 67  dB 


(144) 
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C?  sfEnal  at  261 -77  MHz  was  then  connected  at 
r „ K * dBm  at  the  SPR  antenna  input).  It  was  found  that 
IT?  be  decreased  to  58  dB  before  oscillation  star 
^nhe  signal  output  power  measured  at  point  (i)  = 

\ d o dBm  at  the  antenna  coupler  output) 
the  repeater  is  found  from  (1^3) 


for 


to  be 


The  forward  ~air.  c: 


Gp  = 54  dB 


(1- 


the9R^BaJ,dPT?V^l?Ver  the  raaxlmum  Possible  forward  gala  when 
une  n.  and  IF  cancellers  are  not  used. 

s rw  analyzer  photographs  are  shewn  in  Figure  58  of 

U d a P°Wer  output  cw  desired  signal  with  th* 

trum  at  ?heVS?Ren°f  °f  Thc  uppei'  phbt°  shows  the  spec- 

trum  at  the  SFR  output  (port  2),  and  Figure  58b  shows  th-  IF 

spectrum  at  port  3.  The  pilot  at  screen  center  has  been  er^atlv 

reduced^ by  the  RF  and  IF  ICS's  relative  to  the  desired  Signal  7 

ahhJehifv  npfi!  af  the  100  kHz  Wlde  passband  in  both  photosgshows 

cancellation  from  thatVMrf- 


iu^d  determined  that  as  the  signal  input  was 

5^  delolv  dR  8w?S’t?e  achievable  forward  gain  increased  from 
; xnZ  J 0 t* ^ dB’  lth  the  outPnt  power  at  point  (2)  remaining  a- 
0 dBm.  Investigation  of  this  effect  revealed  that  v^n  the  ou-- 
power  at  point  (2J  reached  0 dBm,  its  corresponding  .5  dBm  ?ev^ 
a"  ■ : "as  f°Uh<3  to  be  coupled  into  the  pilot  path  to  the  ICE 
correlators  A level  of  -15  dBm  at  point  © was  found  to  pro- 
uce  a level  of  -60  dBm  at  the  correlator  inputs.  This  lev**l 
was  sufficient  to  overcome  the  pilot  control  of  the  ICS's  and 
anything  higher  causes  them  to  abruptly  cease  cancelling.  With 
increased  isolation  to  prevent  this  effect,  it  is  expected  that 
a forward  gain  of  67  dB  would  have  been  measured  lor  any  outpu* 
level  up  to  the  design  goal  of  +30  dBm.  pU^ 

pother  stray  couPling  problem  was  found  which  is  a 
potential  limitation  to  forward  gain.  It  is  caused  by  stray 

^Plx£g  °f  Pl?e  pllot  slsnal  through  the  L0  distribution  network 
m o the  receiver  IF.  It  appears  at  the  output  of  Box  B 80  dB 
lower  than  its  level  at  the  pilot  input  of  Box  M (see  Figure 

d l ' rl}^fdng  has  been  added  in  Box  M to  provide  isolation, 
tut  an  additional  30  dB  of  isolation  is  required  to  achieve 

fu!l  forward  gain.  The  coupling  of  the  pilot  into  the  receiver 
would  cause  the- IF  ICS  to  lose  cancellation  on  the  trans- 
mjl  ,.er  signal  in  its  attempt  to  cancel  the  pilot,  since  the 
ransmitter  and  pilot  signals  then  would  not  follow  identical 
paths  from  the  SFR ' s transmitter  to  the  IF  ICS  input. 
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SECTION  VIII 

recommendations  for  further  work 


The  experiments  on  the  SFR  breadboard  have  uncover 
araas  in  «hioh  further  work  is  needed.  They  are  illation  to 
prevent  coupling  of  the  transmitted  signal  intoVhe  ollnb  7L! 
tribution  network,  isolation  to  prevent  coupling  of  the  pilot 
signal  into  the  receiver  IP  via  the  LO  distribution  network 
and  narro’/ing  the  notch  filter  bandwidth  in  the  IF  ICS  without 
sacrificing  notch  depth.  Recommended  approaches  for  solving 
these  probl-s  are  outlined  in  the  subsections  below. 

. . t F?j1?wing  these  circuit  modifications,  further  laboratnrv 

thatSnnint  -h-  ? IUn  to  establish  the  new  performance  levels.  At 
the wlt7  recommended  that  field  tests  be  conducted  on 
the  SIR  with  a real  antenna  in  a real  terrain  environment. 

1.  ISOLATION  IN  THE  PILOT  DISTRIBUTION  NETWORK 

Ficrnr^  -Jin116  pll?t  distribution  network,  contained  in  Box  M'  (see 
igure  j4)  consists  of  a three-way  splitter  and  a directional 
coupler  which  combines  the  pilot  with  the  IF  transmitter  signal 
It  is  the  coupling  of  the  IF  transmitted  signal  into  the  ICS 
correlators  through  the  isolated  directions  of  the  directional 
coupler  and  the  three-way  splitter  that  causes  the  problem 
Additional  isoiation  may  be  obtained  by  inserting  an  isolation 
amplifier  between  the  three-way  splitter  and  the  directional 
coupler,  and  by  shielding  this  isolation  amplifier,  three-way 
splitter,  and  pilot  crystal  filter  from  the  IF  transmitter  signal 
Filtering  would  not  be  an  effective  means  of  isolation  because 
the  spectra  of  the  transmitter  signal  and  the  pilot  overlap. 

2.  ISOLATION  IN  THE  LO  DISTRIBUTION  NETWORK 

Much  has  already  been  done  in  the  LO  distribution  net- 

the  pilot  SomefiS  la°latlon  amplifiers  (Figure  51)  to  prevent 
-he  pilot  from  finding  Its  way  through  the  network  and  across 

mixers  into  the  receiver  IF.  The  principle  coupling  paths  a?e 

ThP  fn  J?d^a^°^ar0Und  the  lsolatlon  amplifiers  and  filters. 

Ihe  LO  distribution  network  should  be  laid  out  anew  to  incor- 

P°rat * I shielding  that  will  allow  the  Isolation  amplifiers 
and  filters  to  be  fully  effective.  In  addition,  higher-isolation 
mixers  should  be  substituted  in  the  breadboard  pnr  the  ones  pre- 
sently in  use.  y 

3.  NOTCH  FILTER  IMPROVEMENT 

dhe  deslgn  of  the  notch  filters  presently  in  use  in 
r*10’1  rePresents  a compromise  between  narrow  bandwidth  and 
nc  dopth.  As  shown  in  Appendix  A,  for  the  commonly  used  L-C 
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series  resonant,  or  shunt  resonant  notches,  this  tradeoff  1-  non 
strained  by  the  unloaded  Q of  the  notch  com  in  n"'  el  ^ 
Q exponents  availabl°  were  used  in  these  circuits.  The  imnrov^- 
n^eded  -s  a reduction  in  notch  bandwidth  by  a factor  of  six 
.vi  hout  degrading  the  notch  depth.  In  either  of  these  two  con- 
1 igurations , unloaded  Q's  of  1000  would  be  required. 

Crystal  notches  have  been  considered,  but  their  banav;J^ 
t0°  n?rrow-  In  addition,  a single-pole  crystal  notch  usually* 
resP°nses  tear  the  notch  center  which  would  distort 

t-Ilc7  SpGGUI'Um. 


nrmfM_  fre,means  of  using  the  L-C  components  in  circuit 

configurations  that  remove  the  dependence  of  notch  depth  on 

Q*  0nf  SUCh  aPProach  ls  a Q-multiplier  circuit  which 
in  e..ect  presents  a negative  resistance  to  cancel  out  most  of 
the  component  loss  resistance.  Once  the  negative  resistance  is 
f . ' ’ de  notch  aepth  then  becomes  dependent  only  on  the  varia- 
tions  in  component  Q (with  environment,  age,  etc.).  However 
if  the  variations  cause  the  component  Q to  become  too  large,’ th* 
circuit  will  oscillate.  * ’ 

Mnother  approach  that  trades  the  dependence  on  component 
Q to  dependence  on  Q variations  is  illustrated  in  Figure  59  The 
notch  is  implemented  by  forming  the  difference  between  the  input 
signa-L  (slightly  attenuated)  and  a narrow  bandpass  version  of  the 
inpu.  signal.  The  attenuator  is  adjusted  to  equal  the  center 
frequency  attenuation  of  the  resonator,  so  that  the  center  fre- 
quency  transmission  of  the  circuit  is  zero,  equivalent  to  an 
infinite  notch  depth.  Variations  in  the  component  Q in  the  band- 
pass  resonator  will  then  degrade  the  notch  depth,  but  the  circuit 
will  not  become  unstable.  This  approach  is  the  one  recommended 
for  improvement  of  the  SFR  breadboard. 


The  differential  amplifiers  used  in  the  notch  flit0” 
‘had*s  shouid  be  tuned  at  30  MHz  so  that  low  level  LO  component 
a"  , , Hz  and  other  spurious  signals  are  rejected  instead  c0 
amplified.  This  bandwidth  is  not  critical,  as  long  a*  if-  < ~ 
much  greater  than  the  notch  bandwidth. 


118 


.-v*v 


0 


INPUT>- 


FIGURE  59 

NOTCH  FILTER  IMPLEMENTATION  WITH  NOTCH  DEPTH 
INDEPENDENT  OF  COMPONENT  Q 
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SECTION  IX 


SUMMARY  AND  CONCLUSIONS 


-,1+.  « The  concept  of  a pilot-directed  multichannel  notch 

filter  interference  cancellation  system  (ICS)  has  been  developed 
0 Divide  ransmitter-to-receiver  isolation  in  a same-freou^ncy 
repeater  (SFR).  Laboratory  experiments  have  been  described  which 
verify  the  operating  concept. 


A detailed  analysis  of  ti,e  performance  of  a one-oha nne1 
1 two“cbannel  notch  filter  ICS  has  been  performed.  Limita- 
tions on  the  achievable  transmitter-to-receiver  isolation  rava 
been  quantified  for  the  effects  of  signal  returns  from  the 
antenna,  returns  from  specular  reflectors,  and  returns  from 
distributed  ground  clutter.  Extrapolation  of  these  results  to 
a three-channel  notch  filter  ICS  indicates  that  with  a 100  kHz 
bandwidth  at  a center  frequency  of  300  MHz,  close  to  120  dB  of 
isolation  is  theoretically  achievable.  The  returns  from  distri- 
buted ground  clutter  appear  to  be  an  irreducible  limitation  for 
a ground-based  SFR. 


^ , A breadboara  has  been  designed  with  a 100  kHz  bandwidth 

at  <-91  Mr  , or  which  forward  gain  up  to  120  dB  can  be  tested. 

^t  incorporates  a pilot-directed  single-channel  ICS 

at  RF  i nd  a pilot-directed  three-channel  notch  filter  ICS  at  Ip 

Ihe  minimum  signal  level  is  -90  dBm,  with  a dynamic  range  of  6*0  ‘ 

r’\,vh!nSlenal"to"nolse  ratio  in  the  SFR  for  the  minimum  signa1 
is  +17  dB  in  a 100  kHz  bandwidth.  The  SFR  output  power  is  1 watt 

i £ i"  » 


Methods  for  implementing  a highly  linear  complex  weight 
circuit  for  use  in  the  ICS  have  been  investigated.  A complex 
weight  circuit  has  been  developed  which  will  keep  In-band  dis- 
tortion products  generated  in  the  weight  at  least  20  dB  be1 ow 
the  minimum  level  signal  to  be  relayed. 

Experiments  with  the  SFR  breadboard  have  demonstrated 
the  following  principles  of  operation  on  which  the  design  po^''®-*- 
is  based:  ” 

1'  Pilot  direction  of  an  ICS  Is  valid. 

2)  An  IF  ICS  can  further  Improve  the  cancellation  of  an  RF  ICS. 

3 h muxtichannel  notch  filter  ICS  can  be  used  to  Improve  broad- 
band cancellation  performance. 

iJ ) The  ICS  is  applicable  to  an  SFR  to  get  forward  gain. 

- ) The  PFR  is  linear  and  can  be  used  as  a multichannel  relay. 

The  SFR  experiments  also  have  demonstrated  the  performance  limi- 
tations in  the  present  breadboard,  pointing  out  areas  wher® 
improvements  are  required  and  critical  design  points  for  futu-e 
SFR  designs. 
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The  experimental  results  indicate  that  special  care  must 
be  taken  to  prevent  strong  signals  in  the  SFR  transmitter  circuits 
from  leaking  into  the  SFR  receiver's  circuits.  Specifically, 
the  pilot  reference  to  the  ICS  correlators  must  be  clear 
of  transmitted  sigral  components  or  ICS  performance  will  suffer. 

In  addition,  the  pilot  added  in  the  transmitter  must  be  prevented 
from  coupling  into  the  receiver  by  any  path  not  shared  by  the 
transmitted  signal,  or  operation  of  the  ICS's  by  pilot  direction 
will  not  optimize  transmitted  signal  cancellation. 

The  multichannel  notch  filter  ICS  has  been  shown  to  be 
a powerful  tool  for  obtaining  broadband  cancellation  performance, 
but  the  design  of  the  notch  filters  is  closely  dictated  by  the 
bandwidth  of  the  signal  (or  pilot)  to  be  cancelled,  The  design 
used  in  the  breadboard  worked  well  with  a 600  kHz  bandwidth,  but 
provided  no  improvement  for  the  100  kHz  bandwidth  in  the  SFR 
breadboard . 

Without  stray  coupling  problems,  the  SFR  breadboard  was 
shown  to  attain  forward  gains  up  to  67  dB.  Had  the  notch  filter 
ICS  worked  with  100  kHz  bandwidth  as  it  did  with  600  kHz  band- 
width, a minimum  of  35  dB  more  isolation  would  have  been  achieved, 
allowing  a forward  gain  in  excess  of  102  dB. 

The  modifications  to  the  breadboard  in  the  areas  of  notch 
filter  design  and  elimination  of  stray  coupling  paths  that  are 
needed  to  attain  this  level  of  forward  gain  have  been  outlined. 
Further  performance  refinements  may  then  be  possible  to  push  the 
forward  gain  capability  to  120  dB.  The  SFR  breadboard  should 
then  be  field  tested,  where  natural  reflecting  terrain  will  pro- 
vide a far  more  realistic  performance  test  than  can  be  accom- 
plished in  the  laboratory. 


APPENDIX  A 

L-C  NOTCH  FILTER  ANALYSIS 


1 . INTRODUCTION 


a resonant  "circuit  iTsll ies^th^Se  Jad  conf: ^rations , 

cuit  shunting  the  load,  are  shown  in  F^gure^O.*  ?he°anSys^" 

so  that^he6  results  LTbf  £££?**• 

2.  RESONANT  CIRCUIT  IN  SERIES  WITH  LOAD 

loaded  Q ls^given°by  U “»  b*  «*“  ^ **>, 


«L  - 


R|  I (Rs+rl) 


whxle  ohe  unloaded  Q is  given  by 


R<W 

"oWR+VRL> 


V R/“oL 


Thus,  we  have 

ql/qu  - (RS+RL)/(R+RS+RL) 


(n?) 


(If 


(i^e: 


nn*.  , -he  voltage  attenuation  factor  in  the  center  o-°  t-v-o 
g^nly0™  t0  the  °^-°f-t-and  attenuation  ?ac(o?;  if 


a 


RL/(R+Rg+RL)  RS+RL 


V^V^T 


r+rs+rl 


(1-9; 


(150  y 


Thus,  for  (148)  and  (149)  we  have 
a = Ql/Qu 

3.  RESONANT  CIRCUIT  SHUNTING  THE  LOAD 

loaded  Q ofti^lan^f  cU?  L^e be  ““  ^ ^ 


wqL 

QL  = r+R-1- 


s 1 r*L 


W0^^RS+RL^ 

rlVRL)+RsRL 


(151) 
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FIGURE  6 OA 


RESONANT  NOTCH 


IN  SERIES  WITH  LOAD 


SOURCE 

RESISTANCE 


R 


S 


EQUIVALENT 

INDUCTOR 

SERIES 

RESISTANCE 


FIGURE  60B 

RESONANT  NOTCH  SHUNTING  THE  LOAD 
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LOAD 

L RESISTANCE 


LOAD 

L RESISTANCE 


while  its  unloaded  Q is 


given  by 


fl52) 


rW 

^L7  VU  r(Rs+RL)+RsRL~ 

The  voltage  attenuation  factor  in  the  center  of  the 
notch,  normalized  to  the  out-of-band  attenuation  factor,  is 
given  ’ey 

(Rj  |r)/(Rg+RL| |r)  r (Rs+Rl) 
a Rl/(Rs+Rl)  = rCRg+RL)+R3RL 

Thus,  for  (153)  and  (15*0  we  have 
a = 

4 . CONCLUSIONS 

Both  the  series  and  shunt  resonant  notch  filter  confi- 
gurations have  the  same  trade-off  between  notch  bandwidth  and 
notch  depth.  If  is  the  3 dB  bandwidth  of  the  notch  and  fg 
is  its  center  frequency,  we  can  write 

«l  - Vbn  use: 

The  trade-off  in  Equations  (150)  and  (155)  may  then  be  written  as 
aBN  = f0/QU  (157) 

This  result  shows  that  the  product  aBjj  is  a constant  which  is 
independent  of  the  source  and  load  resistance. 


(15*0 

(155) 


Qy  = Wq L/r 
Thus,  we  have 

r\  / r\  — 
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ACRONYMS  AND  PRINCIPAL  SYMBOLS 


magnjtude  of  the  signal  returned  from  a particular 
reflector  relative  to  the  transmitted  signal  strength 

B = repeater  bandwidth 

Pant  = two-sided  3 dB  bandwidth  of  the  SFR  antenna 

BN  = two-sided  3 dB  notch  filter  bandwidth 

Bpp  = bandpass  filter 

Ci  = coefficient  of  the  i-th  term  in  the  power  series 

expansion  of  Hp(f)  series 

c - free  space  propagation  velocity  = 3xl08  meters/second 

D.U.T.  = device  under  test 


RCVR 


IAC/DC  = PIN  dlode  distortion  factor 

numerical  value  of  the  receiver  noise  figure 

numerical  value  of  the  noise  figure  of  the  first  gain 
deluded.  ^ reCSlVer  Wlth  the  P— dpng  losses  ^ 

= ?t^r1?al+-ualUe  °f  the  nolse  figure  of  the  first  gain 
lotfL  receiver  without  including  the  preceding 

numerical  value  of  the  noise  figure  of  the  second 
gain  stage  in  the  receiver 

^™i?al4-^alUe  °f  the  nolse  fieure  of  the  third  gain 
stage  in  the  receiver.  6 11 

= RF  carrier  frequency 

= numerical  value  of  the  SFR  antenna  gain  in  the  direc- 
tion of  a particular  reflector 

theniCsnStant  °f  the  1-th  feedback  control  loop  in 
= lnmthe“eceiJe?  °f  gal"  °f  the  first  galn  staSe 


0 


GLOSSARY  T continued] 


r 


= numerical  value  of  i.Ijo  gain  of  the  second  rain  stare 
In  the  rrr.e  I ve r 


Hc(u),Hc(f)  - equivalent  lowpass  transfer  function  of  transmit ter- 
to-receiver  coupling  channel 

%(“) >Hn( f ) = equivalent  lowpass  transmitter-to-receiver  traps'’*" 
function  presented  by  the  N-channel  ICS 

Hc(f)+Hy(f)  = equivalent  lowpass  composite  transmitter- 
tn-receiver  transfer  function  resulting  from  the  com- 
blned  effects  of  the  coupling  channel  and  the  N-channel 

lwu 

coefficient  of  the  1-th  term  of  the  power  series  expan- 
sion of  Hqn( f ) 

= RF  current  in  PIN  diode 

= DC  bias  current  in  PIN  diode 

= interference  cancellation  system 

constant  relating  PIN  diode  resistance  Rn  to  its  bias 
current . _ u 


H0N(f> 


h 


IN 

T 

XAC 

1DC 

ICS 

K1 

L 

LRF 

MX-200 

N 


current,  aDC 

= Inductance  In  the  resonant  circuit  antenna  model 

numerical  value  of  RF  losses  preceding  first  gain 
stage  In  SFR  receiver 

= model  number  of  General  Atronlcs  two-channel  VHF  ICS 
= number  of  channels  in  an  ICS 


N1(a)),N1(f)  = filter  transfer  function  in  the  1-th  ICS  channel 


N 


0 


R 


R 


D 

(R/T) 

r 

^min 


N 


= -17^  dBm/Hz  = thermal  noise  spectral  density 

= output  power  of  SFR  transmitter 

= transmitter  output  resistance 

= RF  resistance  of  PIN  diode 

transmitter-to-receiver  Isolation  provided  by  an 
N-channel  ICS 

= one-way  propagation  distance  to  a particular  reflector 
= minimum  received  signal  power  for  SFR  activation 
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GLOSSARY  [continued] 

Sr(oj)  = Fourier  transform  of  the  ICS  output  waveform  to  the 
SFR  receiver 

ST(w)  = Fourier  transform  of  the  SFR  transmitter  output 
= same-frequency  repeater 

^^min  ~ signal -to-noise  ratio  in  SFR  receiver  for  minimum 
level  received  signal 

Wi  = value  of  complex  weight  in  the  I-th  ICS  channel 

XC  = caPacitive  reactance  of  antenna  input  impedance 

XL  = inductive  reactance  of  antenna  input  impedance 

XTAL  BPF  = crystal  bandpass  filter 

= antenna  input  impedance 

a ~ numerical  value  of  the  center  frequency  depth  of 

a notch  filter 


Y 

A 

X 

p (w) 
a 

°0 

T 

Tmin 

<P 

'P 

w0 


= (tan"1Y)/y 

= carrier  wavelength 

= antenna  reflection  coefficient 

“ nadar  cross-section  of  a particular  reflector 

= area  reflectivity  of  ground  clutter 

propagation  delay  to  a particular  reflector 

= propagation  delay  corresponding  to  the  nearest  reflector 

= phase  shift  of  the  signal  returned  from  a particular 
reflector 

= azimuthal  angle  about  the  SFR  antenna 
= 2 7rf0  = carrier  frequency  in  radians/second 
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